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ABSTRACT
The r o le  o f  c la y  m in era ls in  th e  tra n sp o rt and d ep o s i­
t io n  o f  r a d io n u c lid e s  in trodu ced  in to  e s tu a r in e  w aters was 
in v e s t ig a te d *
j u c / l i t e r , w ith  a c o n ce n tra tio n  o f  c la y  o f  20 m g / l i t e r : Maxi­
mum a d so rp tio n  was reached in  d i s t i l l e d  water fo r  a l l  c l a y s » 
amounting to  7 2 .2  per ce n t fo r  i l l i t e ,  68 .3  per cen t fo r  
montmori1I o n i t e 9 and 6 .7  per ce n t fo r  k a o l in i t e .  A dsorption  
d ecreased  sh arp ly  a t  low s a l i n i t i e s  and more s lo w ly  a t  s a l i n ­
i t i e s  above about two p a rts  per thousand ( o /o o ) .  At 20 o /o o  
a d so rp tio n  had d ecreased  to  1 .9  per cen t fo r  i l l i t e 9 0 .1 7  per 
c en t fo r  m o n tm o r ilIo n ite , and 0 .0 7  per cen t fo r  k a o l in i t e .
Cesium**37 in  c o n c e n tr a tio n s  o f  1 p c / l i t e r  to  100 juc/ 
l i t e r :  X l l i t e  in  d ilu te d  se a  w ater showed a te n -  to  tw enty­
f o ld  a d so rp tio n  advantage over m on tm orillon ite  and k a o l in i t e 9 
y e t  adsorbed o n ly  2 per ce n t o f  th e added cesium  in  10 o /o o  
sea  w a ter . At a co n c e n tra tio n  o f  100 ju c / l i t e r  th e  p ercen tages  
adsorbed on th e  c la y  m in era ls  were:
137A dsorption  o f  th e  f is s io n -p r o d u c t  rad ionuc1id e s  Cs ,
106 144Ru 9 and Ce i s  accom plished  by th e  c la y  m in era ls
k a o l in i t e 9 montmori1I o n i t e 9 and i l i i t e  in  d i lu t io n s  o f
f i l t e r e d  se a  water as f o l lo w s :
i l l i t e
montmori1io n it e  
k a o l in it e
1 .5  per cen t  
0 .1 3  per cen t  
0 .0 9  per cen t
A dsorption  p ercen tages were low er a t  20 and 30 o /o o
Ruthenium**®6 in  c o n ce n tra tio n s  o f  0 .3  n c / l i t e r :
Ruthenium was alm ost co m p lete ly  adsorbed onto i l i i t e  in  
10 , 2 0 , and 30 per ce n t sea  w ater .
M ontm orillon ite adsorbed l e s s  than 75 per cen t o f  th e  
added is o to p e , and k a o l in it e  adsorbed l e s s  than 10 per cen t  
a t c o n ce n tra tio n s  above 20 p c / l i t e r .
C erium *^ in  c o n ce n tr a tio n s  o f  0 .7  n c / l i t e r  to  96 jo g /  
l i t e r : A pproxim ately 50 per c e n t  o f  th e  added cerium  was ad­
sorbed on i l l i t i c  c la y  m ineral in  10 per cen t sea  w ater . Mont 
m o r il lo n ite  adsorbed 25 per cen t o f  the added cerium , and 
k a o l in it e  adsorbed 35 to  40 per ce n t a t  10 per c e n t s a l i n i t y .
A dsorption  on the c la y  m in era ls showed, in  g e n e r a l, a 
n o n -lin ea r  r e la t io n s h ip  to  th e  co n ce n tra tio n  o f  added f i s s i o n -  
product c a t io n s ;  in  most c a s e s  th e  percentage o f adsorbed  
ra d io n u c lid e  d ecreased  w ith  In crea sin g  co n ce n tra tio n s  o f  rad io  
n u c lid e .
The h igh  v a le n c e , heavy c a t io n s ,  ruthenium and cerium  
have h igh  r e p la c in g  power, and very low co n ce n tr a tio n s  can  
re p la ce  c a t io n s  adsorbed on c la y  m in era ls even in  30 per 
c e n t  sea  w ater .
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INTRODUCTION
With th e  advent o f  th e  n u clear  age i t  became impera­
t i v e  th a t  man know th e  d is p o s i t io n  o f  th e  u n r e s tr ic te d  
r a d io a c t iv e  atom, u n r e s tr ic te d  in  th e  sen se  th a t  th e  r a d io ­
n u c lid e  i s  r e le a s e d  to  an environm ent th a t  i s  not under 
man's c o n tr o l .  The ra p id  advance in  tech n o lo g y , en a b lin g  
man to  use th e  power o f  th e  atom, has fo rce d  him to  a c ­
c e le r a te  h is  e f f o r t s  in  th e  f i e l d  o f  s e l f  p r o te c t io n  from  
th e  s u b t le  menace o f  r a d ia t io n . A g re a t d e a l o f  e f f o r t  i s  
being  d ir e c te d  toward d eterm in in g  th e  s a fe  l e v e l s  o f  ra d io ­
a c t i v i t y  in  man's e n v ir o n s .
C on servative  e s t im a te s  o f  th e  maximum recommended 
l e v e l s  o f  exposure to  r a d ia t io n  have been developed  and 
p u b lish ed  in  Handbook 69 o f  th e  N a tio n a l Bureau o f  S tandards. 
These show th e  maximum recommended l e v e l s  o f  a c t i v i t y  o f  
d if f e r e n t  r a d io a c t iv e  s p e c ie s  in  w ater and a i r ,  ta k in g  in to  
c o n s id e r a t io n  th e  typ e o f  e m is s io n , h a l f  l i f e ,  d is p o s i t io n  
in  th e  body ( c r i t i c a l  o r g a n ), and th e  turnover r a te  or 
b io lo g ic a l  h a l f - l i f e  o f  each  is o to p e . Much e f f o r t  has been  
and i s  being  d ir e c te d  a t  determ in ing  th e  som atic and g e n e t ic  
e f f e c t s  not o n ly  o f  a cu te  d o ses  o f  r a d ia t io n  but a ls o  ch ron ic  
d o se s .
D eacefu l u ses o f  atom ic energy  have been in c r e a s in g  
s t e a d i ly  and prom ise to  be a c o n s id e r a b le  source o f  power 
in  th e  fu tu r e ,  e s p e c ia l ly  in  c o u n tr ie s  l ik e  Great B r ita in  
where th e  atom can compete fa v o ra b ly  w ith  co n v en tio n a l  
so u rces from th e  econom ic p o in t o f  v iew . Of e s p e c ia l
-  2 -
concern are two f a s t  d ev elo p in g  uses o f  r a d io a c t iv i ty  -  
th e  lan d -b ased  r e a c to r , used  fo r  th e g en era tio n  o f  e l e c t r i c  
power and fo r  resea rch ; and th e  naval rea c to r  aboard s h ip ,  
used fo r  p ro p u ls io n . As o f  December 3 1 , 1961, th e r e  were 
some 37 U nited  S ta te s  naval r e a c to r s  in  s e r v ic e  and 39 under 
c o n s tr u c t io n , and over 240 lan d -b ased  r e a c to r s  e i t h e r  in  use 
or on the way (Kenton 1961 and U .S. Atomic Energy Commission 
p u b lic a t io n  January 1 9 6 2 ). Because o f  th e  demand fo r  la r g e  
q u a n t it ie s  o f  c o o lin g  w ater , most o f  th e  la r g e  land-based  
r e a c to r s  are lo c a te d  on r iv e r s  th a t d isch a rg e  in to  e s tu a r ie s  
and e v e n tu a lly  in to  th e s e a . These b od ies o f  w ater a l l  have 
m u ltip le  u ses  which in c lu d e  dom estic water s u p p lie s ,  in d u s tr ia l  
u se , r e c r e a t io n , and so u rces o f  fo o d . E x c ess iv e  contam ination  
o f  th e se  w aters w ith  r a d io a c t iv e  w astes cou ld  c r e a te  a con ­
s id e r a b le  hazard to  th e  h e a lth  o f  man. liar le y  and Fry (1 9 5 6 ),  
Parker and Healy (1 9 5 6 ), Kuper and Cowan (1 9 5 8 ), and o th ers  
have attem pted  to  p r e d ic t  the consequences o f  an a cc id en t to  
a la r g e  power r e a c to r . Because o f  th e hazards in v o lv ed  a g rea t  
d ea l o f  e f f o r t  has gone in to  th e  d es ig n  o f  s a f e ty  fe a tu r e s  su r ­
rounding r e a c to r s ,  both fo r  the p r o te c t io n  o f  th e worker and 
to  prevent a c c id e n ts  which m ight have fa r -r e a c h in g  im p lic a t io n s .  
However a c c id e n ts  have occurred  d e s p ite  p reca u tio n s  as e v i ­
denced by th e  W indscale a c c id e n t , Dunster e t  a l .  (1 9 5 8 ), and 
th e SL-1 re a c to r  e x p lo s io n . The afterm ath  o f  th e se  in c id e n c e s  
has been w e ll  documented, p o in tin g  out th e  s e r io u sn e s s  o f  such  
a c c id e n ts  (Haran and B i l l s  1 9 6 1 ).
-  3  *
The d is p o s i t io n  o f  r a d io n u c lid e s , whether from n u clear  
f i s s i o n  or from neutron  a c t iv a t io n ,  when r e le a s e d  to  th e  
atm osphere, th e  l i th o s p h e r e , or th e  h ydrosph ere, has become 
extrem ely  im portant to  man.
R a d io n u c lid e s , when r e le a s e d ,  are su b je c t  to  opposing  
fo r c e s  * th o se  o f  c o n c e n tr a tio n  and th o se  o f  d is p e r s io n .  
T his i s  e s p e c ia l ly  tru e  in  th e  a q u a tic  environm ent where 
d i lu t io n  and d is p e r s io n  can  be accom plished  by tu r b id ity  
d i f f u s io n ,  i s o t o p ic  d i lu t io n ,  or a d v e c t iv e  d is p e r s a l  w h ile  
a t  th e  same tim e th e se  fo r c e s  are opposed by b io lo g ic a l ,  
c h em ica l, or p h y s ic a l c o n c e n tr a tio n  p r o c e s se s . T his in ­
v e s t ig a t io n  concerns one a sp e c t  o f  th e  c o n c e n tr a t io n  
p r o c e s s , th a t  o f  a d so rp tio n  and se d im en ta tio n  o f  ra d io ­
n u c lid e s  by c la y s ,  an im portant c o n s t itu e n t  o f  s e s to n  in  
r iv e r s  and e s t u a r ie s .  Of e s p e c ia l  in t e r e s t  i s  th e  e s tu a r y ,  
where th e  t r a n s i t io n  from fr e s h  water to  s a l t  w ater i n i t i ­
a te s  some im portant changes in  the c h a r a c t e r is t ic s  o f  su s ­
pended c la y  m in e ra ls .
The a d so rp tio n  and tra n sp o r t o f  su b sta n ces by c la y  
m in era ls  depends upon a number o f  th e  c h a r a c t e r is t ic s  o f  
th e  c la y  m in era ls in c lu d in g  s t r u c tu r e , co m p o sitio n , ch a rg e , 
s i 2&, and environm ental c o n d it io n s . In order to  o b ta in  an 
a p p r e c ia tio n  o f  th e  mechanisms in v o lv e d , th e se  c h a r a c te r is ­
t i c s  w i l l  be d isc u sse d  h ere .
S tru c tu re
B a s ic a l ly ,  most o f  th e  c la y  m in era ls are "sandwich" 
s tr u c tu r e s  o f  s i l i c a  and alum ina s h e e t s .  K a o lin ite - ty p e
-  4 -
m in era ls  are open fa ced ; th a t  i s ,  th ey  c o n s is t  o f  a s in g le  
s i l i c a  sh e e t  o v e r la in  by a s in g le  alum ina s h e e t .  C lays such  
as i l l i t e  and m o n tm o r illo n ite  c o n s is t  o f  u n it s  composed o f  
two la y e r s  o f  s i l i c a  w ith  an alum ina sh e e t  betw een. Because 
th e  above ty p e s  are th e  on ly  one® co n sid er ed  in  t h i s  work, 
th e  f ib r o u s  c la y s  such as h a l l o y s i t e ,  composed o f  d i f f e r e n t  
s tr u c tu r a l  u n i t s ,  w i l l  not be d e sc r ib e d .
The s tr u c tu r a l  u n it  o f  th e  s i l i c a  la y e r  c o n s is t s  o f  
four oxygen atoms arranged in  a te tra h ed ro n  w ith  a s i l i c o n  
atom bound in  th e  c e n ter  o f  th e  s tr u c tu r e  e q u id is ta n t  from  
th e  four oxygen atoms (F igu re 1 ) .  The oxygen atoms w i l l  
have u n s a t is f ie d  v a le n c e s  u n le ss  th ey  can be shared  by a 
co n tig u o u s s i l i c a  u n i t ,  e t c .  The u n it s  a l ig n  th em selves  
in  a hexagon w ith  th e  b ases o f  th e te tra h ed ra  ly in g  in  th e  
same p lane and th e  oxygen atoms a t  th e  co rn ers b ein g  shared  
by a d ja cen t te tr a h e d r a . The b a sa l p lane then  i s  a sh ee t  
o f  oxygen atoms p er fo ra ted  in  th e  c e n te r  o f  each hexagon; 
th e s i l i c o n  atoms l i e  a ls o  in  a p lane above the base in  a 
hexagonal c o n f ig u r a tio n ;  and th e  upper p lane c o n s is t s  o f  
OH g ro u p s, one a t  th e  t i p  o f  each  te tra h ed ro n . The space  
in  th e  c e n te r  o f  each  te tra h ed ro n  fo r  th e  io n  in  te tr a h e d r a l  
co o r d in a tio n  i s  about 0 .5 5  A (Grim 1 9 5 3 ).
The o th er  b a s ic  u n it  in v o lv ed  in  th e  s tr u c tu r a l  l a t t i c e  
o f  most c la y s  i s  th e  alum ina octah ed ron . T his u n it  c o n s is t s  
o f  two la y e r s  o f  c l o s e ly  packed oxygens or hydroxyls in  
which an aluminum atom i s  h e ld  in  o c ta h ed ra l c o o r d in a tio n .  
Magnesium or ir o n  may be s u b s t itu te d  fo r  th e  aluminum in
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T e t r a h e d r a l  Unit
s ing l e  unit s h e e t  s t r u c t u r e
O c t a h e d r a l  Unit
single unit s he e t  s t r u c t u r e
•  Aluminum or subst itu te  
O Oxygen or hydroxyl
•  S i l icon
a f t e r  G r i m  ( 1 9 5 3 )
F ig u re  1 . - -B a s ic  s t r u c t u r a l  u n i t s  o f  th e  c la y  m in e ra ls .
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some u n it s .  When aluminum i s  p resen t o n ly  tw o -th ir d s  o f  
th e  p o s s ib le  p o s it io n s  are f i l l e d ,  w h ile  a l l  p o s it io n s  are  
f i l l e d  when magnesium i s  th e  io n  in  o c ta h ed ra l c o o r d in a t io n .  
The space a v a i la b le  fo r  th e  io n  in  c o o r d in a tio n  i s  about 
0 .61A . The sh ee t  s tr u c tu r e  o f  o c ta h ed ra l u n its  c o n s i s t s  o f  
b a s ic  alum ina (or e q u iv a le n t )  u n it s  jo in e d  to g e th e r  w ith  th e  
OH or 0 f s  in  two p a r a l le l  p la n es w ith  th e  m etal io n s  sand­
w iched betw een them (F igu re 1 ) .
Three common ty p es  o f  c la y  m in era ls  were s e le c t e d  fo r  
t h i s  stu d y  -  i l l i t e ,  k a o l in i t e ,  and m o n tm o r illo n ite . T heir  
b a s ic  s tr u c tu r e s  are as fo l lo w s :
K a o lin ite
From th e  work o f  P au ling  (1 9 3 0 ) , Gruner (1 9 3 2 ) , B rind ley  
(1 9 4 6 , 1 9 5 1 ) , and o th e r s  a d e t a i le d  con cep t o f  th e  s tr u c tu r e  
o f  th e  k a o lin  m in era ls  has been d evelop ed . The s tr u c tu r e  
c o n s i s t s  o f  a s in g le  s i l i c a  te tr a h e d r a l sh e e t  o v e r la in  by 
a s in g le  o c ta h ed ra l s h e e t .  The t ip s  o f  th e  s i l i c a  t e t r a ­
hedra l i e  in  th e  same p lane a s th e  base o f th e  alum ina o c ta ­
h ed ra l s h e e t ,  and th ey  are so  arranged th a t  many o f  th e  0 and 
CH p o s it io n s  are shared  m u tu a lly , p erm ittin g  a com p osite  
s tr u c tu r e  (F igu re 2 ) .  The s h e e ts  are con tin u ou s in  th e  a and 
b ( le n g th  and b read th ) d im ensions o f  th e  l a t t i c e  and sta ck ed  
one above th e  o th er  in  th e  £  (h e ig h t )  d ir e c t io n .  P a r t ic le  
sisse i s  determ ined  by breakage a lon g  th e a and b d im ensions  
and c lea v a g e  a long th e  b a sa l p la n e s . Broken ed ges le a v e  
broken bonds which become im portant to  th e  a d so rp tio n
•  Aluminum or subs t i tu te  
O Oxygen
©  Hydroxyl
• S i l i con
a f t e r  Gruner  ( 1 9 3 2 )
Figure 2 . —The s tr u c tu r e  o f  k a o l in i t e .
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c a p a c ity  o f  th e  c la y  m in era l.
The s ta ck in g  o f  u n it  s h e e ts  o f  k a o l in i t e  i s  arranged  
in  such  a way th a t  th e  OH groups o f  one la y e r  and th e  0 atoms 
o f  another la y e r  approach each  o th er  in  p a ir s  , r e s u lt in g  in  
hydrogen bonding (B r in d ley  1 9 5 1 ). The la y e r  between i s  a 
c le a v a g e  p la n e . Because o f  t h i s  bonding, c lea v a g e  i s  not as 
e a s i l y  accom plished  w ith  k a o l in i t e  as w ith  o th er  c la y  m in era ls  
where oxygen p lan es o n ly  form th e  th e  boundary between u n it  
s h e e t s .
Montmor i l l o n i t e
The c u r r e n tly  a ccep ted  con cep t o f  th e  s tr u c tu r e  o f  
th e  m o n tm o rillo n ite  m in e r a ls , accord in g  to  Grim (1 9 5 3 ) , i s  
th a t  th ey  are composed o f  two s i l i c a  te tr a h e d r a l s h e e ts  w ith  
an alum ina o c ta h e d ra l sh e e t  betw een , as shown in  F igu re 3 .
The arrangement i s  such th a t  th e  t ip s  o f  th e  s i l i c a  t e t r a ­
hedra a l l  p o in t toward th e  o c ta h ed ra l c e n tr a l  layer*  The 
0 atoms a t  th e  t i p s  o f  th e  te tra h ed ra  l i e  in  th e  same p lan es  
as th e  OH groups o f  the alum ina la y e r , and atoms common to  
both te tr a h e d r a l and o c ta h ed ra l la y e r s  become 0 in s te a d  o f  CH. 
The s h e e ts  are con tin u ou s in  th e a and b d ir e c t io n s  and are  
sta ck ed  one on another in  th e  c d ir e c t io n .  T his arrangement 
r e s u l t s  in  th e ou ter  fa c e s  o f  th e  m ineral sh e e t  being  com­
posed o f  th e  0 atoms o f  th e  te tr a h e d r a l b a se s . Hence th ere  
i s  no H-bonding between sh e e ts  and c lea v a g e  i s  e x c e l l e n t .
Water and o th er  p o lar m o lecu les  can en ter  between th e  u n it  
la y e r s  and cau se th e l a t t i c e  to  expand in  th e  c d ir e c t io n .
-  9 -
n H2 0
•  Aluminum or substitute
O Oxygen
©  Hydroxyl  
•  Silicon
a f t e r  H o f m a n n ,  En d e l l ,  and Wi l m (1 9 3 3 ), Ma r s ha l l  (1935), 
a n d  H e n d r i c k s  ( 1 9 4 2 ) .
F ig u re  3 . —The s t r u c t u r e  ©f m o n tm o r i l lo n i te .
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M ontm ori l l o n i t e  having th e above s tr u c tu r e , w ith  no 
s u b s t i tu t io n s  in  e i th e r  th e  s i l i c a  te tr a h e d r a is  or th e Al 
o c ta h e d r a ls , would have th e  fo llo w in g  charge d is t r ib u t io n s
6 a2 - 12-
4 S i4+ 16+
4
4
p2-
A l3*
2(0H )- 10-
12*
la y e r  common to  ted ra h ed ra l 
and o c ta h ed ra l sh e e ts
4 o2 ~ 2(QH>- 10- la y e r  common to  both s h e e ts
4 S i4+ 16+
6 02 - 12-
in te r la y e r  o f  H^ O or o th er  p o lar m olecu le
M arshall (1 9 3 5 ), H endricks (1 9 4 2 ), and o th e rs  p o in t out
th a t  montmor i l l o n i t e  alw ays d i f f e r s  from th e t h e o r e t ic a l
form ula in  th a t  s u b s t i tu t io n s  fo r  s i l i c o n  atoms and aluminum
atoms in  c o o r d in a tio n  occur to  a g r e a te r  or le s s e r  e x te n t .
Grim (1S53jf a ls o  p o in ts  ou t another way in  which m ontm oril-
I o n it e  alw ays d i f f e r s  from th e  t h e o r e t ic a l  form ula; the
l a t t i c e  i s  alw ays unbalanced by s u b s t i t u t io n  o f  1% A l ,
3+ 4+Al fo r  S i  , e tc*  A ccording to  Grim (p . 5 9 ) ,
The unbalancing may r e s u l t  from s u b s t i t u t io n  o f  
io n s  o f  d i f f e r e n t  v a le n c e  in  th e  te tr a h e d r a l or 
o cta h ed ra l sh e e t  or b o th . U nbalancing in  one 
sh e e t  may be com pensated fo r  in  p a r t , but on ly  
in  p a r t , by s u b s t i t u t io n  in  th e  o th er  s h e e ts  o f  
th e u n it  la y e r .  Thus, th e  s u b s t i t u t io n  o f  A l3 
fo r  S i^  may in  part be com pensated by f i l l i n g  
s l i g h t l y  more than tw o -th ir d s  o f  th e  o cta h ed ra l  
p o s i t io n s .  Compensation may a ls o  be by s u b s t i tu t io n  
o f  OH fo r  0 in  th e  o c ta h ed ra l la y e r .  I t  i s  s i g ­
n i f i c a n t  th a t  th e  s u b s t i t u t io n s  on th e  m ontm oril­
lo n i t e  l a t t i c e ,  w ith  th e  in te r n a l com pensating  
s u b s t i t u t io n s ,  alw ays r e s u l t  in  about th e  same
-  I I  -
charge on th e  l a t t i c e .  Many a n a ly se s  have shown 
t h i s  to  be about 0 ,6 6  -  per u n it  c e l l .  T his n e t -  
charge d e f ic ie n c y  i s  balanced  by exchangeab le  
c a t io n s  adsorbed between th e  u n it  la y e r s  and 
around th e  ed ges . . . .
However, Grim a ls o  in d ic a te s  th a t  charge d e f ic ie n c ie s
may occur in  another way (p . 5 9 ):
M on tm orillon ite  has been sy n th e s iz e d  from pure 
hydrous m ixtures o f  m agnesia and s i l i c a ,  in  
which ca se  th e  charge d e f ic ie n c y  cannot be due 
t o  l a t t i c e  s u b s t i t u t io n s .  I t  must be th e  r e ­
s u l t  o f  v a c a n c ie s  in  th e  l a t t i c e ,  and such  
v a ca n c ie s  probably a ls o  occur in  n a tu ra l m in e r a ls .
Other s tr u c tu r e s  fo r  m o n tm o r illo n ite  have been sug­
g e s te d  by s e v e r a l in v e s t ig a t o r s  in c lu d in g  Edelman and 
F avejee (1 9 4 0 ) , Berger (1 9 4 1 ), B u e ll (1 9 5 0 ), and McConnell 
(1950) to  e x p la in  the io n  exchange c a p a c ity  o f  m ontm oril­
l o n i t e .  Each proposed s tr u c tu r e  m eets w ith  some c o n tr a d ic t io n ,  
a p p a ren tly , In any ev en t p ic tu r e d  here are two p o s s ib le  
mechanisms fo r  exchange.
I l l i t e
Grim (1 9 3 5 ) d e sc r ib e s  th e  s tr u c tu r e  o f  i l l i t e  as  
b ein g  th e  same as th a t  d e sc r ib ed  above fo r  m on tm orillon ite  
ex c ep t th a t  -
(1 )  Some o f  th e  S i  atoms are alw ays rep la ced  by A l.
(up to  40 per c e n t  in  some w e l l - c r y s t a l l i z e d  m ica s)
(2 )  The r e s u lta n t  charge d e f ic ie n c ie s  are balanced  by 
potassium  io n s .  The m inera l i s  m o n o c lin ic , th e  u n it  c e l l
c o n s is t in g  o f  two a lu m in a -s ilic a -a lu m in a  la y e r s  so  arranged  
th a t  th e  K io n s  ju s t  f i t  th e opposing c a v i t i e s  in  th e
s i l i c a  sh ee ts*  Thus th e K io n  i s  e q u id is ta n t  from 12 
oxygen atom s, 6 from each  la y e r  (F igure 4 ) .
(3 )  L a t t ic e  S tr u c tu r e . The c - a x i s  d im ension  i s  
f ix e d  a t  20A ra th er  than being  expandable by th e in t e r ­
p o s it io n  o f  po lar groups between u n it  la y e r s  as in  th e  
m o n tm o r illo n ite s .
Ion Exchange
The p o p u la tio n  o f  th e  a v a i la b le  c a t io n  p o s it io n s  w ith ­
in  th e  la y e r s  o f  c la y  m in era ls  i s  such th a t  th e r e  i s  an im­
b alance in  th e  e l e c t r i c a l  c h a r g e s9 r e s u l t in g  in  a n et p o s i t iv e -  
charge d e f ic ie n c y .  T his d e f ic ie n c y  can  be s a t i s f i e d  by th e  
so r p t io n  o f  c a t io n s  on th e  m ineral p a r t i c l e s .  In g e n e r a l,  
th e se  c a t io n s  are ra th er  lo o s e ly  h e ld  and are in  an exchange­
a b le  s t a t e .
Exchange C apacity
Because o f  th e  number o f  f a c t o r s  which can a f f e c t  the  
exchange c a p a c ity  o f  a c la y  m in era l, no s in g le  c a p a c ity  
v a lu e  can be g iv e n  fo r  a s p e c i f i c  group o f  c la y  m in era ls;  
c o n se q u e n tly , a range o f  v a lu e s  i s  s t a t e d .  These v a lu es  are  
ex p ressed  in  m il l ie q u iv a le n t s  per gram o r 9 more fr e q u e n t ly ,  
in  meq/lOOg o f  c la y  m in e ra l. The fo llo w in g  ta b le  taken  from  
Grim (19 5 3 ) shows th e  r e la t iv e  c a p a c i t ie s  o f  a number o f  
c la y  m in e ra ls . The c a t io n  exchange c a p a c i t ie s  are taken  
a t  pH 7 . Some o f  th e  ca u ses  o f  v a r ia t io n  in  exchange  
c a p a c i t ie s  are in h eren t in  th e  a n a ly t ic a l  tech n iq u es  used
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•  Aluminum or s u b s t i t u t e  
O O xy g e n
®  H y d r o x y l
•  S i l ic o n  (one s ixth  replaced by aluminum)
•  P o t a s s i u m
a d a p t e d  f r om Gr im ( 1 9 5 3 )
F ig u re  4 . --The s t r u c t u r e  o f  i l l i t e *
•  14 -
in  th e  d eterm in a tio n  w h ile  o th e rs  are in  th e  c la y  m in era ls  
th e m se lv e s . The la t t e r  are o f  in t e r e s t  h ere .
3 - 15
5 - 10
40 - 50
80 - 150
10 - 40
100 - 150
10 • 40
20 30
TABLE I .* * C a tio n -ex ch a n g e  c a p a c ity  o f  c la y  m in e r a ls , in  
m ill ie q u iv a le n t s  per 100 grams
K a o lin ite
H a llo y s it e  2 i^O
Ha I Icy  s i t e  4 1^0
Montmor i l l o n i t e
I l l i t e
V erm icu lite
C h lo r ite
S e p io l i t e - a t t a p u lg i t e - p a ly g o r s k i t e
There are th r ee  b a s ic  mechanisms fo r  ic n  exchange;
(1 )  Broken bonds around th e  ed ges o f  c la y  m ineral 
p a r t ic le s  g iv e  r i s e  to  u n s a t i s f ie d  ch a r g e s , c r e a t in g  an 
a t t r a c t iv e  fo r c e  fo r  c a t io n  so r p t io n . The number o f  broken  
bonds, and hence th e  exchange c a p a c ity ,  would in c r e a se  w ith  
d ecr ea s in g  p a r t ic le  s i z e .
In such m in era ls  as k a o l in i t e  and h a l l o s i t e ,  broken  
bonds are  th e  major cau se o f  exchange c a p a c ity  and are  
im portant fa c to r s  in  i l l i t e ,  c h l o r i t e ,  and s e p i o l i t e -  
p a ly g o r s k it e -a t ta p u lg i te  m in e r a ls . Broken bonds are o f  
r e l a t i v e l y  minor im portance, how ever, in  m o n tm o r illo n itea  
and v e r m ic u l i t e s .
(2 )  S u b s t itu t io n s  w ith in  th e  l a t t i c e  s tr u c tu r e  account 
fo r  probably BO per c e n t  o f  th e  exchange c a p a c ity  o f
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m o n tm o r illo n ite s  and v e r m ic u l i t e s ,  but Ross (1931) has shown 
th a t  th ere  i s  l i t t l e  s u b s t i t u t io n  w ith in  th e  l a t t i c e  o f  kao­
l in i t e *
3 «§*  ^*4*
In  th e  te tr a h e d r a l s h e e ts  A l p a r t ia l ly  r e p la c e s  S i
24*
In th e  o c ta h e d ra l s h e e ts  Mg or o th er  lower v a le n c e  
io n  may r e p la c e  A l in  o c ta h ed ra l c o o r d in a t io n 9 r e s u lt in g  
in  a p o s it iv e -c h a r g e  d e f ic ie n c y *  Sometimes th e se  s u b s t i t u ­
t io n s  are balanced  in  o th er  ways such as s u b s t i t u t io n  o f  
OH fo r  O or by f i l l i n g  more than  tw o -th ir d s  o f  th e  p o s s ib le  
o c ta h e d ra l p o s i t io n s 9 but th e  charge d e f ic ie n c y  may a ls o  be 
s a t i s f i e d  by th e  a d so rp tio n  o f  an exchan geab le ca tio n *
Grim suggest®  th a t  s u b s t i t u t io n s  in  th e  more s u p e r f ic ia l  
s i l i c a  te tr a h e d ra  would r e s u l t  in  ra th er  s tro n g  bonding o f  
c a t io n s  and th a t  some are s u b s t a n t ia l ly  non-exchangeable*  
C o n v erse ly 9 s u b s t i t u t io n s  w ith in  th e  o c ta h ed ra l inner la y er  
would r e s u l t  in  weaker bonds due to  th e  g r e a te r  d is ta n c e  
through which th e  ch arges must act*  Replacem ents in  th e  
o c ta h ed ra l la y e r  are probably r e sp o n s ib le  fo r  most o f  th e  
ca tio n -ex ch a n g e  c a p a c ity  in  c la y  m inerals*
(3 )  The hydrogens o f  exp osed  h yd roxy ls a c t  as exchange  
c a t io n s  th em se lv es  and may be re p la ced  by another exchange­
a b le  i  on . A l l  th e c la y  m in era ls  have some hydroxyl groups 
which m ight be exposed  around th e  broken ed ges o f  c la y  
p a r t ic le s *  For clay® l ik e  k a o l in i t e  and h a l lo y s i t e  where 
hyd roxy ls are found on one s id e  o f  th e  b a sa l c lea v a g e  p la n e 9 
t h i s  may be an im portant c o n tr ib u t io n  to  ca tio n -ex ch a n g e  
c a p a c ity . Edelman and F a v ejee  (1940) and McConnell (1950)
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have su g g ested  art a lt e r n a te  s tr u c tu r e  o f  the m o n tm o r illo n ite  
s t r u c tu r a l  u n it  in  which some o f  th e  te tra h ed ra  are  in v e r te d  
and have OH groups a t  th e  t i p s  o f  th e  in v e r te d  te tr a h e d r a . 
Recent work by Grim (1962 ) seems to  support t h i s  con cept to  
some d eg ree .
The e f f e c t  o f  p a r t ic le  s i z e  on a d so r p tiv e  c a p a c ity  
v a r ie s  depending upon th e  c la y  m in era l in  q u e s t io n . As 
m ight be ex p ec ted  from th e  p o s it io n s  o f  th e  a c t iv e  s i t e s  
o f  a d so rp tio n  in  k a o l in i t e  and i l l i t e  (broken bonds around 
th e  ed ges o f  th e  f l a k e s ) ,  th e  ca tio n -ex ch a n g e  c a p a c ity  in ­
c r e a s e s  w ith  d ecr ea s in g  p a r t ic le  s i z e .  That i s , fo r  a f ix e d  
w e ig h t , th e f in e r  th e  d iv i s io n  o f  p a r t ic le s  th e  more broken  
bonds w i l l  be exposed; h en ce , th e  g r e a te r  i s  th e  p o te n t ia l  
fo r  adsorb ing c a t io n s  which are exch an geab le . Harmon and 
F r a u lin i  (19 4 0 ) have dem onstrated  t h i s  e f f e c t  fo r  k a o l in i t e ,  
and Grim and Bray (19 5 6 ) have dem onstrated  th e  e f f e c t  w ith  
i l l i t e . The magnitude o f  th e  e f f e c t  i s  shown in  T ables 2 and 
3*
T able 2 . — V a r ia tio n s  in  th e  ca tio n -ex ch a n g e  c a p a c ity  o f  
k a o l in i t e  w ith  p a r t ic le  s i z e  ( a f t e r  Harmon and 
F r a u l in i ,  1940)
P a r t ic le  s i z e ,
m icrons 10-20  5 -1 0  2 -4  1 -0 .5  0 ,5 - 0 .2 5  0 .2 5 - 0 .1  0 .5 - 0 .0 5
C a tio n  exchange  
c a p a c ity ,
meq/lOOg 2 .4  2 .6  3 .6  3 .8  3 .9  5 .4  9 .5
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Table 3 . — V a r ia tio n s  in  th e ca tio n -ex ch a n g e  c a p a c ity  o f
i l l i t e  w ith  p a r t ic le  s iz e  ( a f t e r  Grim and Bray, 
(1936)
P a r t ic le  s i z e ,
m icrons 1 ,0 - 0 , I 0 .1 -0 .0 6 < -0 .0 6
C ation  exchange 
c a p a c ity ,  
meq/lOOg Sample A 1 8 .5 2 1 .6 3 3 .0
Sample B 1 3 .0 2 0 .0 2 7 .5
Sample C 2 0 .0 3 0 .0 4 1 .7
To g a in  an a p p r e c ia t io n  o f  th e  in c r e a se  in  s p e c i f i c  
su r fa ce  w ith  d ecr ea s in g  p a r t ic le  s i z e ,  th e  fo llo w in g  ta b le  
shows the r e s u l t  o f  su b d iv id in g  a one cu b ic  ce n tim eter  s o l id ,
Table 4 . —D ecim ally  d iv id in g  one cu b ic  cen tim eter  o f  s o l id  
No. Cubes Length o f  Sdge S u rface Area S p e c if ic  S u r f ,
1 I cm 6 cm 6
3 210 1 mm 60 cm 60
6 210 0*1 mm 600 cm 600
109 0 .0 1  mm 6,000cm 2 6 ,0 0 0
1012 1 .0  f i*  6 ra2 6 0 ,0 0 0
10 0 .1  fi** 60 a2 6 0 0 ,0 0 0
1018 0 .0 1  600 m 6 ,0 0 0 ,0 0 0
1021 1 .0  m fi 6 ,0 0 0  m2 6 0 ,0 0 0 ,0 0 0
♦upper l im it  o f  c la y  m in era l s i z e  i s  about 2 fx
♦ ♦ c o l lo id a l  range b eg in s  ( a f t e r  W eiser 1939)
— 18 **
3I t  can be seen  th a t  1 cm o f  c la y  m in era l su b d iv id ed
u niform ly  in to  cubes 1 ji in  s iz e  would t h e o r e t i c a l ly  c o n s is t
1 12  o f  10 L^  p a r t ic le s  each having 12 e d g e s , or 12 x 10 e d g e s ,
and a su r fa c e  area  o f  6 m .
M ontm orilIon ite  on th e  o th er  hand does not appear to  
in c r e a se  i t s  ca tio n -ex ch a n g e  c a p a c ity  a p p rec ia b ly  w ith  de­
c r e a s in g  p a r t ic le  s i z e .  Hauser and Reed (1937) have shown 
th a t  th e re  i s  no v a r ia t io n  in  th e  87 to  14 mp p a r t ic le  s i z e  
ra n g e , and C aldw ell and M arshall (1942 ) show no v a r ia t io n  in  
the 2 to  0 .0 5  m icron range fo r  m o n tm o r illo n ite . S a p o n ite , a 
m agnesium -rich m o n tm o r illo n ite , how ever, shows a sm a ll in c r e a se  
in  ca tio n -ex ch a n g e  c a p a c ity  w ith  d ecr ea s in g  p a r t ic le  s i z e  in  
t h i s  ran ge.
F a cto rs a f f e c t in g  r e p la c e a b i1i t y  o f  exchange c a t io n s
A l l  c a t io n s  are not e q u a lly  r e p la c e a b le  nor are they  
eq u a l in  t h e ir  a b i l i t y  to  r e p la c e  another c a t io n . The a b i l i t y  
o f  one io n  to  r e p la c e  another depends upon a number o f  f a c to r s ;  
h en ce , th ere  i s  not one u n iv e r s a l s e r ie s  in to  which io n s  can  
be p la ced  accord in g  to  r e l a t i v e  r e p la c in g  power. Some o f  
th e  fa c to r s  which a f f e c t  th e  exchange phenomenon are d i s ­
cu sse d  below .
C o n c e n tr a tio n .--C a tio n  exchange i s  a s to ic h io m e tr ic  r e ­
a c t io n ,  and th e p r in c ip le  o f  mass a c t io n  h o ld s . T h erefo re , 
th e  rep lacem ent o f  an io n , in  g e n e r a l,  in c r e a se s  a s  th e  con­
c e n tr a t io n  o f  the r e p la c in g  c a t io n  in c r e a s e s .  G edroiz (1 9 2 2 )
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found th a t  t h i s  i s  not a l in e a r  r e la t io n s h ip  and depends 
upon fa c to r s  o th er  than c o n c e n tr a t io n .
P o p u la tio n  o f  exchange s i t e s . - - T h e  r e p la c e a b i i i t y  o f  a 
c a t io n  depends upon th e  degree o f  s a tu r a t io n  o f  the exchange 
s i t e s .  Ca, fo r  exam ple, becomes more d i f f i c u l t  to  r e p la c e  as 
th e  s a tu r a t io n  o f  exchange s i t e s  w ith  Ca d e c r e a se s . On th e  
o th er  hand, th e  r e v e r se  i s  tru e  o f  Na and K. Furtherm ore, 
the c a t io n s  which occupy th e  o th er  exchange p o s it io n s  seem  
to  a f f e c t  th e  r e p la c e a b i i i t y  o f  a p a r t ic u la r  c a t io n .
Nature o f  th e  c a t io n .—The v a le n c e , w e ig h t, and s iz e  o f  
a c a t io n  a f f e c t  i t s  r e p la c e a b i i i t y  by another io n . In g e n e r a l,  
th e h ig h er  the v a len ce  th e  more t i g h t l y  bound i s  th e c a t io n .  
Among io n s  o f  th e  same v a le n c e , th o se  io n s  o f  h igh er  atom ic  
number are more t i g h t l y  bound to  th e  c la y  m inera l than th o se  
o f  low atom ic number. C a tio n s o f  la r g e  io n ic  ra d iu s tend  
to  be more t i g h t l y  bound than th o se  o f  sm a ller  ra d iu s w ith  
some n o ta b le  e x c e p t io n s . For exam ple, K w ith  an io n ic  ra d iu s  
o f  1 .3 3  A ju s t  f i t s  the sp ace a v a i la b le  in  th e  b a sa l oxygen  
s h e e ts  o f  la y e r  c la y  m in era ls  and i s  co n seq u en tly  very  d i f f i ­
c u l t  to  remove. An id ea  o f  th e  r e la t iv e  r e p la c in g  power o f  
s e v e r a l  e lem en ts can be g a in ed  from th e data o f  G edroiz (1 9 2 2 ). 
He found th e  fo llo w in g  order when r e p la c in g  Ca w ith  0 .0 1  N 
s o lu t io n  o f  c h lo r id e s :
Li < Na < K < Hg < Rb < NH < Co < A1
2 ,R ep lacin g  Ba w ith  0 .0 1  N s o lu t io n s  he o b ta in ed  th e  fo llo w in g :  
Li < Na < NH <. K < Mg < Rb < Ca < Co < A i
-  20 -
P rev iou s In v estig a tio n ®
E arly  in v e s t ig a t io n s  o f  io n  exchange phenomena in  
s o i l s  were made by a g r ic u ltu r a l  c h e m is ts , Thompson (1850) 
and Way (1 8 5 0 ) . I t  was not u n t i l  th e work o f  H endricks 
and Pry (1930) th a t  i t  was found th a t th e c o l l o id  f r a c t io n  
o f s o i l s  was c r y s t a l l in e  and was r e sp o n s ib le  fo r  most o f  
the io n  exchange c a p a c ity  o f  s o i l s .  S in c e  th a t  tim e much 
work has been done on th e  id e n t i f i c a t i o n  o f  c la y  f r a c t io n s  
and o th er  ion -exch ange m in era ls  and m easures made o f th e  
ion -exch ange p r o p e r t ie s . Much o f  t h i s  in forE iation  has been  
put to  p r a c t ic a l  use in  a g r ic u ltu r e , cera m ics , and c o n s tr u c t io n .
Because o f  th e ir  a d so rp tiv e  p r o p e r t ie s  c la y  m in era ls  
n a tu r a lly  became im portant c o n s id e r a t io n s  in  th e co n cen tra ­
t io n  o f  r a d io n u c lid e s , e s p e c ia l ly  th e  lo n g - l iv e d  f i s s i o n  
p ro d u cts . G r in n e l l ,  M artin , and Hatch (19 5 4 ) determ ined  
th e  r e la t iv e  a d so rp tio n  e f f i c i e n c y  o f  m o n tm o rillo n ite  fo r  
s e v e r a l  f is s io n -p r o d u c t  n u c lid e s  under d i f f e r e n t  c o n d it io n s  
o f  pH and fo r e ig n  © a lts  in  an e f f o r t  to  d evelop  ways o f  
scaven g in g  and b inding r a d io a c t iv e  w astes fo r  d is p o s a l .
They found th a t  m o n tm o r illo n ite  s e l e c t i v e l y  adsorbs f i s s i o n  
product c a t io n s  and th a t  th e se  r a d io a c t iv e  io n s  can  be 
s e a le d  w ith in  th e  c r y s t a l l in e  l a t t i c e  by h e a tin g  the c la y  
to  1000 d eg rees C e ls iu s .  C a-m ontxnorilIonite used in  the  
stu d y  e x h ib ite d  an exchange c a p a c ity  o f  112 tmq per lOOg.
The a c tu a l c a p a c i t ie s  o f  th e c la y  fo r  d i f f e r e n t  f i s s i o n  product 
c a t io n s  were determ ined by p a ss in g  a s o lu t io n  o f  c a r r ie r  io n
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p lu s a r a d io a c t iv e  tr a c e r  through a column made up o f  a 
co a rse  c la y  f r a c t io n .  A breakthrough curve was p lo t t e d  
and th e  c a p a c ity  o f  the c la y  c a lc u la te d  from the area  
over th e cu rv e . They found th e  fo llo w in g  exchange capac­
i t i e s :
Sr*2 115 meq/lOOg
Cs+ l 110 meq/lOOg
Y+3 107 meq/lOOg
+3 .
ra re  e a r th s  112 meq/lOOg
A p p a ren tly , th e  le n g th  o f  tim e the s o lu t io n s  were in  con­
t a c t  w ith  the c la y  was determ ined  by th e  flo w  r a t e ,  and 
w hether or not an eq u ilib r iu m  was reached  between th e  e x ­
change io n s  i s  not known. However, the exchange v a lu e s  do 
f i t  w e l l  w ith  o th er  p u b lish ed  c a p a c i t ie s  fo r  m o n tm o rillo n ite  
c la y s .
Tamura and Jacobs (1960) have shown th a t  i l l i t e ,  w h ile  
in te rm ed ia te  in  t o t a l  ion -exch an ge c a p a c ity , has a p a r t ic u ­
la r  a f f i n i t y  fo r  cesiu m . T his appears to  be a s s o c ia te d  
w ith  th e  c - a x is  d im ension  o f  th e  c la y  which i s  about 10 
angstrom s. I t  w i l l  be r e c a l le d  th a t  th e  p resen ce o f  K io n s  
in  th e  in te r la y e r  sp aces f i x e s  th e  c ^ a x is  d im ension  o f  t h i s  
c la y .  Other c la y s  can be co n d itio n e d  to  improve th e ir  c a ­
p a c ity  to  adsorb cesium  by treatm en t w ith  p otassium . I t  i s  
in t e r e s t in g  to  n o te  t h a t ,  w h ile  cesium  has a somewhat la r g e r  
io n ic  ra d iu s  than  p otassiu m , barium , th e  daughter o f  ce s iu m -137, 
has an alm ost id e n t i c a l  io n ic  ra d iu s  to  th a t  o f  p otassium .
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K 1 .3 3  A
Cs 1 .6 5  -  1 .6 9  A
Ba 1 .3 1  -  1 .4 3  A
from Lange, Handbook o f  C hem istry , F i f t h  E d it io n , 1944
C arro ll and S tarkey  (1 9 5 9 ) in  t h e ir  in v e s t ig a t io n s  o f th e  
d ia g e n e s is  o f  c la y s  during t h e ir  passage from fr e s h  to  s a l t  
w ater co n sid ered  th e  f i r s t  s ta g e  to  c o n s is t  o f  an exchange 
o f  c a t io n s  and an ion s between sea  w ater and c la y .  They 
prepared 2 per c e n t  su sp en sio n s  o f  c la y  in  sea  w ater fo r  
vary in g  p er io d s o f tim e then  leach ed  ou t th e  exchanged io n s  
w ith  normal NH^Cl a t  pH 7 fo r  q u a l i t a t iv e  and q u a n t ita t iv e  
a n a ly s is .  The u su a l order fo r  t o t a l  exchange c a p a c ity  pre­
v a i le d  s i . e . ,  k a o l in i t e  \  h a l lo y s i t e  < i l l i t e  < m ix ed -la y er  
m ineral < m o n tm o r illo n ite . Ranked by bonding e n e r g ie s ,  th e  
order o f  c a t io n s  was found to  be Ca > llg > K. > H > Ha 
ex c ep t fo r  k a o l in i t e  and Wyoming b e n to n ite  where Mg e x h ib ite d  
a h igh er bonding energy than Ca. T heir d ata  confirm s th e  ob­
s e r v a t io n s  o f  K e lle y  and L ieb ig  (1934) who found th a t  ben­
t o n i t e  p r e f e r e n t ia l ly  adsorbed Mg over Ha. C a r r o ll and
S ta rk ey , op . c i t . , m ain ta in  th a t  the exchange p o s it io n s  have
2+ 2+
d if f e r e n t  b ind in g  e n e r g ie s  and th a t  Ga AND Mg are bound 
to  th e  s i t e s  o f  h ig h e s t  b ind in g  energy and o th er  s i t e s  are  
th en  occup ied  by io n s o f  lower b ind in g  en erg y . They found  
th a t  th e  r a te  o f  adjustm ent (th e  r a te  a t  which eq u ilib r iu m  
i s  e s ta b l is h e d )  v a r ied  w ith  th e  c la y  m inera l and in  th e  
fo llo w in g  ord er:
k a o l in i t e  « i i l i t e  h a llo y s it©  > m ix ed -la y er  
m ineral > m o n tm o rillo n ite
C ation  exchange c a p a c i t ie s  o f  c la y s  in  th e  n a tu ra l
*
c o n d it io n  and in  sea  w ater asdeterm ined  by C a rr o ll and 
S ta rk ey , op . c i t . ,  are shown in  Table 5 .
Table 5 . —C ation  exchange c a p a c i t ie s  o f  c la y s  in  th e  n a tu ra l  
form and a f t e r  soak in g  in  sea  w ater
Na m  Ga
meo7lQ0fi roe* iglOOg meq7T00g
M on tm orillon ite
n a tu ra l 54 34 7
in  se a  w ater 16 3 17
I i l i t e
n a tu ra l 3 17
in  sea  w ater 2 8 12
K a o lin ite
n a tu ra l 0 .4  0 .5
in  sea  w ater 1 .7  0 .9
For com parison the c o n c e n tr a t io n s  o f  s e v e r a l io n s  in  se a  
w ater were;
K 12 meq/lOOml
Ca 26 meq/lOOml
Mg 125 meq/lOOml
Na 450 meq/lOOml
I t  i s  e v id e n t  then  th a t  io n s  bound to  d a y  p a r t ic le s  a t  the  
head o f  an e s tu a ry  may not remain bound as th e  c la y  i s  trans< 
p orted  seaward. The p ro cess  o f  io n  exchange i s  indeed  a
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dynamic on e. As th e  r a t io  o f io n  c o n c e n tr a t io n s  ch an ges, 
so  does th e  p o p u la tio n  o f  exchange s i t e s  on th e c la y  l a t t i c e s  -  
but the change i s  not p r o p o r tio n a l.
The u lt im a te  f a t e  o f  r a d io a c t iv e  w astes has been i n v e s t i ­
g a ted  a lon g  many l i n e s .  Bader e t  a l  ( i9 6 0 )  have s tu d ie d  th e  
r o le  o f  bottom sed im ents in  th e  a d so rp tio n  and co n c e n tr a t io n  
o f  f i s s i o n  p ro d u cts. P re lim in ary  r e p o r ts  in d ic a te  th a t  mont­
m o r il lo n ite  in  a c o n c e n tr a t io n  o f  20 mg per 11 ml s o lu t io n  
adsorbed a maximum o f  about 10 per c e n t o f  th e  cesium . I I -  
l i t e  adsorbed about 3 .5  per cen t and k a o l in i t e  1*5 per ce n t
in  d e io n ise d  water* I t  i s  not known whether or not tim e was
a llo w ed  fo r  e q u ilib r iu m  to  take p la c e .
A ccording to  th e  authors* c a lc u la t io n s  from t h e ir  d a ta , 
th e  exchange c a p a c ity  fo r  Gs i s  about 11 meq/lOOg fo r  mont­
m o r il lo n ite  , 4 ,5  meq/lOOg fo r  i i l i t e ,  and 2 .2 5  meq/lOOg fo r
k a o l in i t e  in  d e io n iz e d  w a ter .
They p resen t data  to  show th a t  th e  re te n t  lo ti o f  Cs 
fo r  a l l  th e se  m in era ls approxim ates a F reu n d lich *s adsorp­
t io n  iso th erm  eq u a tio n  o f  th e  form
a = n lo g  c * lo g  k
where a ® lo g ^  # x ~ w eigh t o f  su b stan ce taken  up
m * w eigh t o f  s o l i d  adsorbent
n « c o n sta n t  ( s lo p e  o f  l i n e )  
c * s o lu t io n  c o n c e n tr a t io n  
k “ a n t i lo g  o f  th e  in te r c e p t  o f  c -  1
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For th e  c la y s  used th e eq u a tio n s  became;
m o n tm o r illo n ite
k a o l in i t e
i i l i t e
a
a
a.
► « 0 .0 0 6  lo g  c + 0 .0 7 0
fit
t = 0 .0 0 2  lo g  c * 0 .0 2 0
E l
« 0 .0 0 1  lo g  C  + 0 .0 1 2k
An a r ith m e tic  p lo t  o f  t h e ir  d ata  shows th a t  th e w eigh t o f  
cesium  r e ta in e d  by th e  c la y  m in era l in c r e a se s  w ith  the con­
c e n tr a t io n  o f  cesiu m , but art asym tote i s  reached  upon sa tu ­
r a t io n  o f  th e  a v a i la b le  exchange p o s i t io n s .
M inerals o f  th e  Chesapeake Bay System
X-ray d i f f r a c t io n  s tu d ie s  o f  th e  suspended and bottom  
sed im ents o f  th e  Chesapeake Bay area made by Powers (1954)  
r e v e a le d  th a t  r iv e r s  o f  th e  area carry  in  su sp en sio n  p re­
dom inantly a w ell-fo rm ed  to  degraded i i l i t e  w ith  minor 
amounts o f  k a o lin  and degraded c h lo r i t e  and some m ontm oril­
l o n i t e .  k e lso n  (1959) has in v e s t ig a te d  e x t e n s iv e ly  th e  Rap­
pahannock R iver and e s tu a r y . The bottom sed im en ts c o n ta in  
k a o l i n i t e ,  i i l i t e ,  unorganized  i i l i t e , d io c ta h e d r a l verm icu- 
l i t e ,  1 2 .4  A m o n tm o r illo n ite , 1 4 .2  A m o n tm o r illo n ite , c h l o r i t e ,  
f e ld s p a r ,  and q u a r tz . Re d esc r ib ed  th e  p r o g r e ss iv e  changes  
in  th e  m in e r a lo g ic a l co m p o sitio n  o f  th e  bottom sed im en ts be­
tween fr e s h  w ater and th e  s a l in e  rea ch es o f  th e  Rappahannock 
system . C h lo r ite  and fe ld s p a r  occurred  e x c lu s iv e ly  in  th e  
s a l in e  p o r tio n s  o f  th e e s tu a r y . I i l i t e  showed p r o g r e s s iv e ly  
in c r e a s in g  c r y s t a l l in e  q u a l i ty  w ith  in c r e a s in g  s a l i n i t y .
There appeared to  be l e s s  k a o l in i t e  in  th e  h ig h er  s a l i n i t y  zon e.
An X-ray diffraction diagram of the suspended sedi­
ments from the York River is shown in Figure 5. The tracing 
shows the presence of kaolinite, chlorite, and iilite in a 
water sample taken 25 miles from the mouth.
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F i g u r e  5 , - - X - r a y  d i f f r a c t o m e t e r  t r a c e s  fo r  s u s p e n d e d  
s e d i m e n t s  f r o m  t h e  Y o rk  R iver f Ga K 
f i l t e r e d ;  r a n g e ,  1 0 0 0  c / s ;  2°/m in .
METHODS
Three c la y  ty p es  were s e le c t e d  fo r  use on t h i s  study#  
The c la y  sta n d a rd s9 purchased from Ward’ s N atural S c ien c e  
E stab lish m en t , In c .*  were k a o l in i t e  No. 7 from the D ix ie  
Rubber F i t ,  B ath , South C aro lin a ; i i l i t e  No# 9 , F ith ia n ,  
I l l i n o i s ;  and m o n tm o r illo n ite  No# 2 5 , Upton, Wyoming.
The c o n c e n tr a t io n  o f  suspended m a te r ia ls  in  th e  w ater  
v a r ie s  w id e ly  depending upon w eather c o n d it io n s  and cu rren t  
v e lo c i t i e s #  Because i t  was d e s ir e d  to  use c o n c e n tr a t io n s  
o f  suspended m a te r ia ls  t y p ic a l  o f  th o se  found in  th e  lo c a l  
e s t u a r ie s ,  reco rd s o f  in o rg a n ic  s e s to n  were o b ta in ed .
Table I appended c o n ta in s  th e su r fa c e  v a lu es  fo r  in o rg a n ic  
s e s to n  ex p ressed  as m g /l i t e r  fo r  f i v e  s t a t io n s  a lon g  a 
t r a n s e c t  running from a p o in t in  th e  York R iv e r , f i v e  m ile s  
upstream  from i t s  mouth, to  a p o in t in  th e  mouth o f  th e  
Chesapeake Bay o p p o s ite  K iptopeke# The s t a t io n  lo c a t io n s  
are shown in  F igure 6 . The mean v a lu e s  fo r  the s t a t io n s  
ranged from 5#34 to  8 .2 4  m g/l w ith  a maximum observed  v a lu e  
o f  4 8 .2  m g/l during a p er iod  o f  extrem e turbu len ce#
S in c e  th e  u lt im a te  d i s p o s i t io n  o f  f i s s i o n  products ad­
sorbed  on c la y  m in era ls  i s  in t im a te ly  a s s o c ia te d  w ith  b io -  
d e p o s it io n  by f i l t e r - f e e d i n g  organ ism s, e s p e c ia l ly  th e  
bottom  form s, th e  c o n c e n tr a tio n  o f  su sp en so id s  near th e  
bottom  o f  th e  w ater column was co n s id er e d  to  be most im­
portant# Data from a p rev io u s study were o b ta in ed  which  
show th e  d is t r ib u t io n  o f  in o rg a n ic  s e s to n  in  a 3 2 - fo o t
Figure 6 . --T he lower Chesapeake Bay, showing c r u is e  s t a t io n s  
from which s e s to n  d a ta  were o b ta in ed .
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w ater column in  th e  York R iver o f f  th e  la b o ra to ry  p ie r  o f  
th e  V ir g in ia  I n s t i t u t e  o f  Marine S cien ce*  The d ata  are  
p resen ted  in  TABLE I I  appended* Mean v a lu e s  fo r  35 grab  
sam ples taken  over a y e a r 's  tim e show a su r fa c e  co n cen tra ­
t io n  o f  7 .9  m g / l i t e r  and a bottom c o n c e n tr a t io n  o f  22*2  
m g /l i t e r .  A c o n c e n tr a tio n  o f  2 0 .0  m g /l i t e r  was s e le c t e d  
fo r  th e  la b o ra to ry  exp erim en ts as b ein g  f a i r l y  t y p ic a l  o f  
near bottom c o n d itio n s*  T h is does not in f e r ,  how ever, th a t  
th e  c o n c e n tr a tio n  o f  a s in g le  c la y  m in era l would n e c e s s a r i ly  
be th a t  h igh  under n a tu ra l c o n d it io n s  in  t h i s  e s tu a r y .
The c la y s  were broken up w ith  mortar and p e s t l e ,  
th en  p assed  through a No* 325 (44 ju) U .S . Standard s iev e*  
M on tm orillon ite  proved d i f f i c u l t  to  p u lv e r iz e  because o f  
th e  com paction o f  ex trem ely  f in e  p a r t ic le s *  The c la y s  were 
th en  d r ied  in  a d e s s ic a to r  fo r  24 hours p r io r  to  w eighing*
One gram (l.OOOOg) o f  each  c la y  m inera l standard  was w eighed  
out and tr a n s fe r r e d  to  a Waring Blender cup c o n ta in in g  500 ml 
o f  d i s t i l l e d  w ater . The su sp en sio n  was b lended  fo r  20 m inutes*  
F iv e  ml o f  th e  c la y  su sp en sio n  were then  tr a n s fe r r e d  as needed  
to  500 ml v o lu m etr ic  f l a s k s .  T h is rep rese n ted  10 mg o f  dry 
c la y  or a c o n c e n tr a t io n  o f  20 m g /lite r *  P a r t ic le  s i z e  a n a ly se s  
by th e  p ip e t t e  method showed th e  fo llo w in g  d is t r ib u t io n :
K a o lin ite  I i l i t e  M on tm orillon ite
> 4 ju 4*2 4 4 .2  5*9
2 -  4 ju 6 .9  1 5 .6  2 .2
1 -  2 p 6*6 1 2 .5  3 .3
*5 -  I p  3 2 .3  1 2 .9  4*2
< .5  p 5 0 .0  1 2 .9  8 4 .5
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V arious s a l i n i t i e s  were o b ta in ed  by d i lu t in g  sea  
w a ter . The se a  w ater was o b ta in ed  60 m ile s  e a s t  o f  th e  
mouth o f  th e  Chesapeake Bay over th e  c o n t in e n ta l  s h e l f .
I t  was f i l t e r e d  through a ca n d le  f i l t e r  and s to r e d  in  
5 g a l .  g la s s  carboys u n t i l  needed . P rior  to  d i lu t io n  th e  
w ater was f i l t e r e d  a g a in  through an HA M il11pore f i l t e r .
The s a l i n i t y  o f  th e  f i l t e r e d  sea  w ater was 3 3 .9 6  o /o o .
A s a l i n i t y  g r a d ie n t was e s ta b l is h e d  by d i lu t in g  th e se a  
w ater to  f i n a l  v a lu e s  o f  30 o /o o # 2 0 .0  o /o o f 1 0 .0  o /oo*
5 .0  o /oo*  2 .5  o /oo*  1 .2 5  o /oo*  0 .6 2 5  o /oo*  0 .3 1  o /o o .  
D i s t i l l e d  w ater was a ls o  u sed .
Recovery o f  th e  c la y  m in era ls  fo r  co u n tin g  purposes 
was accom plished  by f i l t e r i n g  th e  su sp en sio n s  through 47-mm- 
diam eter M illip o r e  f i l t e r  d is c s  w ith  a pore s i z e  o f  0 .4 5  yu. 
The d is c s  were th en  r o l le d  t o  f i t  in to  a 3 /8 - in c h  d iam eter  
p la s t i c  sam ple tube and in s e r te d  in to  th e  w e ll  o f  a 
3 x 3  in ch  Hal (T l)  s c i n t i l l a t i o n  c r y s t a l .  The ap p rop ri­
a te  gamma photopeak was s e le c t e d  and a window w idth  de­
term ined  fo r  maximum co u n tin g  e f f i c i e n c y  u sin g  a N uclear  
Measurements C orp oration  sp ectrom eter  system * Model GSS-1. 
L iquid  sam ples were counted  In  5 ml volum es to  d u p lic a te  as  
n ea r ly  a s p o s s ib le  th e  geom etry o f  th e  d is c  sam ples.
Recovery o f  Clay M inerals
I t  was n ece ssa r y  to  determ ine th e  e f f i c i e n c y  o f  
reco v ery  o f  th e  suspended c la y  so  th a t  a d so rp tio n  co u ld  
be ex p ressed  in  term s o f  a c t i v i t y  o f  f i s s i o n  product
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adsorbed per u n it  w eigh t o f  c la y .  T his was done by ob­
ta in in g  th e  ta r e  w eig h ts  o f  s e v e r a l d e s s ic a te d  M illip o r e  
f i l t e r s  in  m eta l p la n eh e ts  and o f  an eq u a l number o f  empty 
p la n c h e ts . S tock  c la y  su sp en sio n s  were prepared as d escr ib ed  
above to  y i e l d  10 mg o f  c la y  to  each  ml a l iq u o t .  A liq u o ts  
were then  tr a n s fe r r e d  a l t e r n a t e ly  to  a 500  ml vo lu m etr ic  
f la s k  and a ta re d  p la n c h e t. The f la s k s  were brought to  
volume w ith  d i s t i l l e d  w ater; then  th e  c o n te n ts  were f i l ­
te r e d  through th e  ta red  f i l t e r s .  The p la n ch et sam ples were 
evap orated  in  an oven a t  55° C and then  e q u il ib r a te d  in  a 
s i l i c a  g e l  d e s s ic a to r  and w eighed . The f i l t e r s  were l i k e ­
w ise  d e s s ic a te d  and reweighed* In t h i s  way th e  p r e c is io n  
o f  c la y  t r a n s fe r  as w e l l  as per ce n t o f  re co v e ry  was 
m easured.
I t  was f e l t  th a t  as much r a d io a c t iv e  i n t e r s t i t i a l  
w ater sh ou ld  be removed as p o s s ib le  from th e  f i l t e r s  and 
c la y  a f t e r  f i l t e r i n g  w ith ou t e f f e c t in g  a le a c h in g  o f  ad­
sorbed io n s .  T h er e fo re , reco v ery  exp erim en ts were run w ith  
10 ml a b so lu te  a lc o h o l r in s e  o f  g la ssw a re  and f i l t e r  a f t e r  
f i l t r a t i o n .  I t  was found th a t  th e  recovery  o f  c la y  was 
g r e a t ly  im paired by th e  a lc o h o l r in s e ,  p o s s ib ly  as a r e s u l t  
o f  d e s tr u c t io n  o f  th e  f i l t e r  su r fa c e .
A d sorp tion  upon F i l t e r s
During f i l t r a t i o n  io n s  were adsorbed to  th e  f i l t e r  
d i s c s .  This e f f e c t  was measured by running a blank w ith  
each  s e r ie s  o f  ex p er im en ts. The blanks were prepared in
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e x a c t ly  th e  same manner as th e  sam ples ex cep t th a t  th e  
c la y  was o m itted . A c t iv i t y  measured w ith  th e s e  f i l t e r s  
c o n s is te d  o f  both adsorbed f i s s i o n  products and background  
r a d ia t io n ;  th e  combined a c t i v i t y  was used to  c o r r e c t  the  
sample c o u n ts .
A d sorp tion /r im e R e la t io n sh ip
In order to  a s c e r ta in  th e  tim e req u ired  fo r  th e  c la y s  
and n u c lid e s  to  come to  e q u ilib r iu m , a s e r ie s  o f  id e n t i ­
c a l  c la y  su sp en sio n s was prepared as d escr ib ed  above. The 
su sp en sio n s  were sp ik ed  w ith  a s e le c t e d  i s o t o p e ,  f i l t e r e d  
a t  d i f f e r e n t  e la p se d  t im e s , and th e  a c t i v i t y  o f  th e  c la y s  
determ in ed . The tim e p er io d s were 4 ,  8 ,  2 4 , 4 8 , and 72 
h o u rs , fo r  k a o l in i t e ;  1 , 2 ,  4 ,  8 , 2 4 , 4 8 , 7 2 , and 96 hours 
fo r  i i l i t e .  The tim e req u ired  to  f i l t e r  a sample o f  mont­
m o r il lo n it e  was so lo n g  (a s  much as 24 h o u rs) th a t  sh o rt  
tim e in te r v a ls  were m ea n in g less .
The P h y s ic a l S ta te  o f  Cerium and Ruthenium
I f  cerium  or ruthenium  occur in  th e p a r t ic u la te  s t a t e  
and i f  th ey  occur in  la r g e  enough p a r t ic le s  to  be r e ta in e d  
on a 0 .4 5  u pore s i z e  f i l t e r ,  th en  a co n sta n t p ercen tage  
o f  th e  p a r t ic u la t e  m a te r ia l shou ld  be r e ta in e d  by th e  f i l t e r  
r e g a r d le s s  o f  th e  q u a n tity  o f  r a d io n u c lid e  f i l t e r e d .  I f  th e  
elem ent isn o t in  th e p a r t ic u la t e  s t a t e ,  th e  a d so rp tio n  s i t e s  
on fh® f i l t e r  become f i l l e d  and th e  per c e n t o f  added m a te r ia l  
d im in is h e s . To determ ine th e  p h y s ic a l s t a t e  o f  cerium  and
and ruthenium  used in  th e se  ex p er im en tsf s e v e r a l  500 ml 
v o lu m etr ic  f la s k s  were prepared c o n ta in in g  d i s t i l l e d  w a ter .
To each  was added a d i f f e r e n t  c o n c e n tr a tio n  o f  i s o t o p e .  The 
f la s k s  were brought to  volume and, a f t e r  24 h o u rs , were f i l ­
te r e d  through HA M illip o r e  f i l t e r s .  The f i l t e r s  were then  
counted  as p r e v io u s ly  d esc r ib ed  and th e  p ercen tage o f  
is o to p e  r e ta in e d  by th e  f i l t e r  computed.
The E f f e c t s  o f  Sea Water on Adso r p t io n
A s e r ie s  o f  500 ml f la s k s  were prepared having a f i n a l  
s a l i n i t y  o f  0 .0 ,  0 .3 ,  0 .6 ,  1 .2 ,  2 .5 ,  5 .0 ,  1 0 .0 ,  and 2 0 .0  o /o o .  
In to  each  was p ip e tte d  10 mg o f  c la y  in  su sp en s io n . The 
f la s k s  were shaken and a llow ed  to  stan d  fo r  24 hours b efo re
adding a f ix e d  amount o f  rad iocesiu m  to  each  f la s k .  The
volume was a d ju sted  and th e  f la s k s  a g a in  shaken. A fter  24 
hours or more th e  c o n te n ts  were f i l t e r e d  through HA M i l l i ­
pore f i l t e r s  and th e  a c t i v i t y  o f  th e f i l t e r s  counted a t  the  
a p p rop ria te  photopeak. Blank s o lu t io n s  fo r  each  s a l i n i t y  
were prepared w ith ou t c la y  and f i l t e r e d .  A c t iv i t y  o f  th e  
blank f i l t e r s  was su b tra c te d  from th a t  o f  th e  f i l t e r  w ith  
c la y .
A dsorp tion  o f  R a d io n u clid es on C lays
A s e r ie s  o f  12 f la s k s  was prepared fo r  each  combina­
t io n  o f  a c la y  and iso to p e*  These co n ta in ed  th r e e  s a l i n i t i e s  
( 1 0 .0 ,  2 0 .0 ,  and 3 0 .0  o /o o )  fo r  each  o f  fou r c o n c e n tr a tio n s  
o f  r a d io n u c lid e . Hie h ig h e s t  c o n c e n tr a t io n  was 100 tim es
the lowest. In addition a series of blanks was prepared 
one for each concentration of radionuclide. Preparation 
filtration* and counting were done according to the pro­
cedure outlined in the above paragraphs. In addition to 
preliminary tests and blanks* 108 determinations were 
made - 3 clays x 3 radionuclides x 4 concentrations x 3 
salinities.
RESULTS 
P r e c is io n  o f  C lay A d d itio n s
R ep lic a te d  sam ples o f  suspended c la y s  were p ip e tte d  
in to  ta red  p la n c h e ts . The c o n c e n tr a t io n  o f  c la y  was 
1*0000 gm per 500 ml or 1 0 ,0  nag per 5 m l. The f in a l  
w eigh t o f  c la y  in  each  p lan ch et i s  shown in  Table 6 ,  
alon g  w ith  th e  mean w eigh t and c o e f f i c i e n t  o f  v a r ia t io n .
Table 6 . —W eights o f  r e p l ic a t e  c la y  a l iq u o ts  in  m illig ra m s  
R e p lic a te  K a o lin ite  I i l i t e  M on tm orillon ite
1 9 .9 9 .9 9 .1
2 1 0 .0 9 .1 9 .0
3 1 0 .1 1 0 .0 9 .1
4 9 .8 1 0 .2 9 .3
5 1 0 .0 1 0 .1 8 .5
6 9 .6 1 0 .6 8 .5
3C 9 .9 0 9 .9 8 8 .9 2
C o e f f ic ie n t  o f
V a r ia tio n 2.0% 4.9% 3,8%
R ecoverty  o f  C lay by F i l t r a t io n
K a o lin ite  and m o n tm o rillo n ite  a l iq u o ts  suspended in  
500 ml o f  d i s t i l l e d  w ater were f i l t e r e d  through HA M i l l i -  
pore f i l t e r s .  The mean w eigh t o f  k a o l in i t e  recovered  from  
6 r e p l ic a t e s  was 9 .0  mg w ith  a c o e f f i c i e n t  o f  v a r ia t io n  o f  
2.6%. The mean w eigh t o f  m o n tm o rillo n ite  recovered  from 2 
r e p l ic a t e s  was 9 .0 5  mg ♦ 5.5%.
A d s o r p t i o n / T i m e  R e l a t i o n s h i p s
TABLE I I I  a p p e n d e d  sh o w s  t h e  a d s o r p t i o n  o f  Ru**®6 o n
137i i l i t e  a n d  k a o l i n i t e  a n d  o f  Gs o n  k a o l i n i t e  i n  d i s t i l l e d
w a t e r .  As r a d i o a c t i v e  i o n s  a r e  r e m o v e d  f r o m  s o l u t i o n  i n  t h e  
a d s o r p t i o n  p r o c e s s ,  t h e  c o n c e n t r a t i o n  o f  i o n s  i n  s o l u t i o n  
d e c r e a s e s  u n t i l  a n  e q u i l i b r i u m  i s  e s t a b l i s h e d .  T h i s  p o i n t  
s e e m s  t o  h a v e  b e e n  r e a c h e d  i n  t h e  c a s e  o f  R u ^ 0 ^  a n d  i i l i t e  
a t  a b o u t  4 8  h o u r s  w h e r e  t h e  c u r v e  sh o w n  i n  F i g u r e  7 r e a c h e s  
a n  a s y m t o t e .  T h e r e  may a l s o  b e  a  t e n d e n c y  f o r  t h e  a d s o r p ­
t i o n  o f  Cs*"37  o n  k a o l i n i t e  t o  r e a c h  a n  a s y m t o t e  a t  a b o u t  4 8
o
h o u r s .  A l l  e x p e r i m e n t s  w e r e  c o n d u c t e d  a t  2 2  C . I t  i s  
p r o b a b l e  t h a t  t h e  r a t e s  o f  a d s o r p t i o n  w o u ld  b e  l e s s  a t  l o w e r  
t e m p e r a t u r e s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a d s o r p t i o n  
r a t e s  f o l l o w  a  l o g a r i t h m i c  r e l a t i o n s h i p .  H ie  s l o p e s  o f  t h e  
l i n e s  f o r  a d s o r p t i o n  o n  i i l i t e  a n d  k a o l i n i t e  a r e  a l m o s t  
i d e n t i c a l ,  i n d i c a t i n g  t h e  sam e r a t e s  o f  a d s o r p t i o n .
P h y s i c a l  S t a t e s  o f  C e r i u m  a n d  R u th e n iu m
144  1 4 4  1 0 6  1 0 6B o th  Ce -  P r  a n d  Ru -  Rh w e r e  r e c e i v e d  a s
t h e  t r i - c h l o r i d e ,  a n d  s t o c k  s o l u t i o n s  w e r e  p r e p a r e d  b y  d i l u ­
t i o n s  w i t h  d i s t i l l e d  w a t e r .  T he  f i n a l  c o n c e n t r a t i o n s  o f
144 /Ce w e r e  0 . 9 4 ,  9 . 4 ,  4 7 . 1 ,  a n d  9 4 . 2  j u c / l i t e r .  The c o n ­
c e n t r a t i o n s  o f  R u ^ G  w e r e  0 . 3 6 ,  3 . 6 ,  1 7 . 8 ,  a n d  3 5 . 6  j u c / l i t e r .  
T h e  p e r c e n t a g e  o f  r a d i o n u c l i d e  a d s o r b e d  t o  t h e  0 . 4 5  p p o r e  
s i z e  f i l t e r s  i s  sh o w n  i n  T a b l e  7 .
lO
N -
O
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Table 7 .* *  P h y s ic a l s t a t e  o f  cerium  and ruthenium
144Cerium
A c t iv i t y  in jb s . s m
Per Cent
Adsorlbed
0 .4 7 3 ,9 6 8 1 3 .7 0
4 .7 1 4 7 ,7 8 9 1 6 .4 0
2 3 .5 5 22 2 ,828 1 5 .4 0
4 7 .1 0 2 8 3 ,8 4 5 9 .8 0
Ruthenium*-^ 0 .1 8 314 5 ,1 9
1 .7 8 1 ,207 1 .9 9
8 .9 0 -
1 7 .7 9 9 ,1 4 1 1 .5 1
E f f ic ie n c y  o f  co u n tin g  -  cerium  2.8% , ruthenium  1*546%
C le a r ly ,  o n ly  an ex trem ely  sm all f r a c t io n  o f  th e se  
i s o to p e s  co u ld  have been in  p a r t ic le s  la r g e  enough to  be 
r e ta in e d  in  th e  f i l t e r ,  s in c e  th e  p ercen tage o f  is o to p e  
r e te n t io n  d ecrea sed  w h ile  th e  c o n c e n tr a t io n  in cr ea se d  a 
h u n d red fo ld .
The E f f e c t s  o f  Sea Water on A dsorp tion
Of p a r t ic u la r  in t e r e s t  i s  th e  d i s p o s i t io n  o f  rad io*  
n u c lid e s  r e le a s e d  in fo  th e  e s tu a r in e  and m arine environm ents. 
The p r o c e sse s  o f  p h y s ic a l and b io lo g ic a l  sed im en ta tio n  are  
p a r t ic u la r ly  h ig h  in  th e  e s tu a r in e  sy stem s. For t h i s  r e a so n , 
in t e r e s t  h ere i s  d ir e c te d  toward th e  a d so r p tio n  o f  rad io*  
n u c lid e s  on c la y s  in  f r e s h  w afer to  s e a  w ater s a l i n i t i e s .
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*1 X 7  1  1 7
From 0*60 pc to  0 .7 0  juc o f  Cs -  Ba were added 
to  300 ml f la s k s  c o n ta in in g  10 mg c la y  m in era l. The w eigh t  
o f  m eta l can be computed from th e fo llo w in g  r e la t io n s h ip .
The fundam ental decay law i s
dN
-  —  =  /) N
dt
where N « number o f  atoms o f  r a d io a c t iv e  m a te r ia l
(1)
= decay co n sta n t
I f  we s e t
tim e
= A in  dps then
WE
(2) A N
(3 )
where
W
N -  _  No
w
W * w eigh t in  grams
w « grata m olecu lar w eigh t
-1No -  Avagadro1s number in  m oles 
S u b s t itu t in g  fo r  N in  form ula (2 )  and s o lv in g  
fo r  W, we a r r iv e  a t form ula (4 )
(4 ) W a w
NO A
137For Cs*'-"  t h i s  r e la t io n s h ip  becomes 
W = 3 .1 0 9  x 1013 A
where W i s  in  gms and A in  dps
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137 -9The w eigh t o f  Cs in  0 .6 0  pc i s  o n ly  6 .9  x  10 gnu
S in ce th e  q u a n tity  o f  cesium  i s  very sm a ll and s in c e  it  i s  
in  competition w ith  o th er  io n s  added in  sea  w a ter , experi­
ments were conducted  w ith  s e r i a l  d i lu t io n s  o f  f i l t e r e d  sea  
w ater down to  as low as 0 .3  o /o o  sea  w a ter . A dsorp tion  o f  
rad iocesiu m  on i i l i t e , m o n tm o r illo n ite , and k a o l in i t e  i s  
shown in  TABLE IV appended. Semi - lo g  ar ith m ic p lo t s  o f  
a c t iv i t y  adsorbed a g a in s t  s a l i n i t y  fo r  th e th r ee  c la y  
m in era ls  are shown in  F igu res 8 , 9 , and 10. Note th a t  
th e  s c a le  i s  changed fo r  i i l i t e .
157The maximum a d so rp tio n  o f Cs was reached  in  d i s ­
t i l l e d  w ater where th e r e  are no com peting io n s .  The m axi­
mum a d so rp tio n  on i i l i t e  was 72.2%, on m o n tm o r illo n ite  
68.3% , and on k a o l in i t e  6.7%. A dsorption  o f  th e  cesium  
dropped sh a rp ly  a t  s a l i n i t i e s  o f  0 .3  to  about 2 o /o o  and 
co n tin u ed  to  d ecrea se  as s a l i n i t y  in c r e a se d .
At 20 o /o o  s a l i n i t y ,  a d so rp tio n  had d ecreased  to  1.91% 
fo r  i i l i t e , 0.17% fo r  m o n tm o r illo n ite , and 0.07% fo r  k a o l in i t e .  
The a d so rp tio n  cu rv es co n tin u ed  th e ir  downward tren d  as 
s a l i n i t y  in c r e a se d .
Effects o f  C on cen tra tion  o f  Radionuclides on A dsorption  
Cesium -  137
The a d so rp tio n  o f  on c la y s  i s  shown g r a p h ic a lly
a t th r e e  s a l i n i t i e s  in  F igu re 11 . I i l i t e  adsorbed the
la r g e s t  amount o f  cesiu m , exceed in g  the o th er c la y s  by a 
fa c to r  a t  l e a s t  te n  ex cep t in  the lo w est c o n c e n tr a t io n s .
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Figure 8.— The effects of salinity on the adsorption of Cs 
on illite. Initial concentration of Cs**^ -
1.2 jic/liter.
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137F igure 9 . — Ttie e f f e c t s  o f  s a l i n i t y  on th e  a d so rp tio n  o f  Cs 
on m o n tm o r illo n ite . I n i t i a l  c o n c e n tr a t io n  o fi ffi nt
Cs157 -  1 .2  p c / l i t e r .
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137Figure 10.--The effects of salinity on the adsorption of Cs 
on kaolinite. Initial concentration of Cs157 - 
1.4 pc/liter.
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N o te  t h a t  t h e  o r d i n a t e  s c a l e  o n  t h e  g r a p h  f o r  i l l i t e  i s  t e n  
t i m e s  t h a t  f o r  m o n t z a o r i l l o n i t e  a n d  t w e n t y  t i m e s  t h a t  f o r  
k a o l i n i t e . The c l a y s  i n  o r d e r  o f  a d s o r p t i v e  c a p a c i t y  f o r  
c o n c e n t r a t i o n s  o f  Gs up  t o  1 0 0  > u c / l i t e r  w e r e  i l l i t e  > 
m o n t m o r i l i o n i t e  > k a o l i n i t e .
F o r  a l l  t h r e e  c l a y s  a d s o r p t i o n  d e c r e a s e d  w i t h  i n ­
c r e a s i n g  s a l i n i t y .
137
T h e r e  w a s  a  t e n d e n c y  f o r  t h e  p e r  c e n t  o f  Gs a d s o r b e d  
o n  t h e  c l a y s  t o  d e c r e a s e  a s  t h e  c o n c e n t r a t i o n s  o f  G s1 3 ?  i n -  
c r e a s e d  i n  t h e  w a t e r .  The a m o u n t  o f  c e s i u m  a d s o r b e d  w as 
e x t r  m e iy  s m a l l , h o w e v e r  , f o r  a l l  t h r e e  c l a y s  i n  s a l i n e  
w a t e r .  A t  a  c o n c e n t r a t i o n  o f  1 0 0  j i c / i i t e r , t h e  aE ioun t o f  
c e s i u m  a d s o r b e d  o n  i l l i t e  w as  o n l y  1*5% o f  t h a t  i n i t i a l l y  
p l a c e d  i n  t h e  c l a y  s u s p e n s i o n  a t  1 0  o / o o  s a l i n i t y .  M o n t-  
m o r i l I o n i t e  a d s o r b e d  o n l y  0 .1 3 %  a t  10  o / o o ,  a n d  k a o l i n i t e  
o n l y  0 .0 9 %  a t  l O / o o . As t h e  s a l i n i t y  o f  t h e  w a t e r  i n c r e a s e d  
t o  n e a r  s e a  w a t e r  c o n c e n t r a t i o n s ,  t h e  a d s o r p t i o n  o n  i l l i t e  
d e c r e a s e d  t o  a b o u t  0 .7 5 % ,  t o  0 .4 %  f o r  m o n t m o r i l I o n i t e ,  a n d  
t o  l e s s  t h a n  0 .0 5 %  f o r  k a o l i n i t e .
R u th e n iu m  -  106
106The a d s o r p t i o n  o f  Ru o n  c l a y  s i i n e r a l s  i s  sh o w n
i n  F i g u r e  12  f o r  t h r e e  s a l i n i t i e s .  As w as  t h e  c a s e  w i t h  
137
Gs , i l l i t e  a d s o r b e d  t h e  g r e a t e s t  a m o u n t  o f  i n t r o d u c e d  
r u t h e n i u m ,  a m o u n t i n g  t o  n e a r l y  100% o f  t h e  a c t i v i t y  a d d e d .  
T h i s  a l s o  w as  r e f l e c t e d  i n  c o u n t s  o f  t h e  f i l t r a t e  f r o m  t h e  
f i l t e r i n g  p r o c e s s ,  t h e  f i l t r a t e  s h o w in g  n e g l i g i b l e  a c t i v i t y .
-  46 ~
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I n i t i t i a l  A c t i v i t y  j i c / l i t t r
I n l t i t l a l  A c t i v i t y  j i c / l i t c r
F i g u r e  1 1 . - - T h e  a d s o r p t i o n  o f  C s * * ^  o n  c l a y s  a t  1 0 ,  2 0 ,  a n d  
3 0  o / o o  s a l i n i t y  f r o m  s e v e r  f J  c o n c e n t r a t i o n s  o f  
r a d i o n u c l i d e .  C o n c e n t r a t i o n  o f  c l a y - - 2 0  r a g / l i t e r .
-  47 *
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M ontm oril lon it*
K a o l i n l t *
la l l l t l c l  A ctiv ity  » c / l l t c
( 0  SO
la l im c l  A ctiv ity  c c / l i t e r
In l t l t l a l  Activity > a ^111•  r
F i g u r e  1 2 . - - T h e  a d s o r p t i o n  o f  o n  c l a y s  a t  10, 20, a n d
3 0  o / o o  s a l i n i t y  f r o m  s e v e r a l  c o n c e n t r a t i o n s  o f  
r a d i o n u c l i d e .  C o n c e n t r a t i o n  o f  c l a y - - 2 0  m g / l i t e r .
•  48 -
The a p p a r e n t  r e c o v e r y  o f  o v e r  100% o f  t h e  a d d e d  r a d i o ­
i s o t o p e  i s  w i t h i n  t h e  e x p e c t e d  e r r o r  f o r  s i n g l e  d e t e r m i n a ­
t i o n s  i n  t h i s  m e th o d .  H o w e v e r ,  t h e  c o n s i s t e n c y  o f  t h e  o t h e r  
a d s o r p t i o n  v a l u e s  i n d i c a t e s  c l o s e  t o  100% a d s o r p t i o n  a t  a l l  
s a l i n i t i e s  i n  t h e  c o n c e n t r a t i o n s  o f  r a d i o i s o t o p e  u s e d .
M o n t m o r i l I o n i t e  sh o w e d  a  l o w e r  a f f i n i t y  f o r  
a m o u n t i n g  t o  l e s s  t h a n  75% a d s o r p t i o n  i n  t h e  h i g h e r  c o n ­
c e n t r a t i o n s  o f  f i s s i o n  p r o d u c t  n u c l i d e .
A d s o r p t i o n  t o  k a o l i n i t e  w as  so m e w h a t  v a r i a b l e  w i t h  
i n c r e a s i n g  c o n c e n t r a t i o n s  o f  r a d i o a c t i v e  r u t h e n i u m ,  b u t  
r e m a i n e d  c o n s i s t e n t l y  a t  a  lo w  l e v e l  i n  c o n c e n t r a t i o n s  
a b o v e  10  j a c / l i t e r .  T he  a m o u n t  a d s o r b e d  w as  l e s s  t h a n  10% 
a t  a l l  t h r e e  s a l i n i t i e s  i n  c o n c e n t r a t i o n s  o f  17 j i c / l i t e r  
a n d  3 5  j u c / l i t e r .
S a l i n i t y  a p p e a r e d  t o  h a v e  a  m in o r  e f f e c t  o n  t h e  a m o u n t
106o f  Ru a d s o r b e d .
C e r iu m  -  144
The a d s o r p t i o n  o f  c e r i u m  o n  i l l i t e ,  a io n tm o r 11  I o n i t e ,
137a n d  k a o l i n i t e  i s  p r e s e n t e d  i n  F i g u r e  1 3 .  As w i t h  Cs 
a n d  Ru**0 6 , i l l i t e  e x h i b i t e d  t h e  h i g h e s t  a d s o r p t i v e  c a p a c i t y  
f o r  A t  s a l i n i t i e s  o f  ID o / o o  a n d  2 0  o / o o  a b o u t  50%
o f  t h e  a d d e d  c e r i u m  w as  a d s o r b e d  o n  t h e  c l a y  a t  m o s t  c o n ­
c e n t r a t i o n s .  A t  30  o / o o ,  h o w e v e r ,  t h e  p e r c e n t a g e  o f  c e r i u m  
a d s o r b e d  d e c r e a s e d  r a p i d l y  a t  h i g h e r  c o n c e n t r a t i o n s  ( a b o v e  
37  j u c / l i t e r ) .  T he  e x p e r i m e n t  w as  r e p e a t e d  a t  c o n c e n t r a t i o n s  
o f  37  a n d  7 4  j x c / l i t e r  w ith  s i m i l a r  r e s u l t s .
-  49
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I n i t i a l  A c t i v i t y  y e / l l t a r
F i g u r e  1 2 , — T he a d s o r p t i o n  o f  Ce o n  c l a y s  a t  1 0 ,  2 0 ,  a n d  
3 0  o / o o  s a l i n i t y  f r o m  s e v e r a l  c o n c e n t r a t i o n s  o f  
r a d i o n u c l i d e .  C o n c e n t r a t i o n  o f  c l a y -“- 2 0  m g / l i t e r .
144M o n t m o r i l l o n i t e  a d s o r b e d  a b o u t  25% o f  t h e  a d d e d  Ce 
a t  10  o / o o  s e a  w a t e r ; a b o u t  20% a t  2 0  o / o o ,  a n d  12  * 13% 
a t  30  o / o o  ( i n i t i a l  c o n c e n t r a t i o n  7 0  juc C e * * * / l i t e r .
K a o l i n i t e  s h o w e d  a n  u n e x p e c t e d  t r e n d ;  n o t  o n l y  w as  a d ­
s o r p t i o n  o f  C e * * *  g r e a t e r  f o r  k a o l i n i t e  t h a n  f o r  m o n t m o r i l ­
l o n i t e  9 b u t  t h e  r a n k  b y  s a l i n i t y  w a s  r e v e r s e d ,  t h a t  i s 9 
a d s o r p t i o n  a t  3 0  o / o o  > 2 0  o / o o  > 10 o / o o  s a l i n i t y .
F o r  a l l  t h r e e  c l a y  m i n e r a l  t y p e s  t h e r e  w a s  a  t e n d e n c y  
f o r  t h e  p e r c e n t a g e  o f  f i s s i o n  p r o d u c t  a d s o r b e d  t o  d e c r e a s e  
a s  t h e  c o n c e n t r a t i o n  o f  f i s s i o n  p r o d u c t  i n c r e a s e d .
-  51 -
DISCUSSION
T h e r e  a r e  many f a c t o r s  w h i c h  a f f e c t  t h e  a d s o r p t i o n  o f  
r a d i o a c t i v e  i o n s  o n  c l a y  m i n e r a l s .  T h e s e  c a n  b e  g r o u p e d  
r o u g h l y  i n t o  t h r e e  c a t e g o r i e s .
1 .  P r o p e r t i e s  o f  t h e  a d s o r b i n g  m i n e r a l .
2 .  P r o p e r t i e s  o f  t h e  r a d i o n u c l i d e .
3 .  T h e  p h y s i c a l  a n d  c h e m i c a l  c o n d i t i o n s  e x i s t i n g  
i n  t h e  s o l u t i o n .
U n d e r  a n y  s e t  o f  c o n d i t i o n s  a n  e q u i l i b r i u m  i s  e s t a b l i s h e d
w h i c h  i n  m o s t  c a s e s  i s  r e v e r s i b l e .  Any c h a n g e  i n  c o n d i t i o n s
c a n  c a u s e  a  s h i f t  i n  t h e  e q u i l i b r i u m .  F u r t h e r m o r e ,  t h e  t i m e
r e q u i r e d  f o r  t h e  e q u i l i b r i u m  t o  t a k e  p l a c e  d e p e n d s  u p o n  s u c h
f a c t o r s  a s  t y p e  o f  c l a y ,  s i t e s  o f  a d s o r p t i o n ,  a n d  t e m p e r a t u r e .
C l a y  M i n e r a l  T ype
P r e v i o u s  s t u d i e s  b y  m any i n v e s t i g a t o r s  show  t h a t ,  o f  
t h e  t h r e e  c l a y  m i n e r a l s  u s e d ,  m o n t m o r i l l o n i t e  h a s  t h e  h i g h ­
e s t  b a s e - e x c h a n g e  c a p a c i t y .  The e x t r e m e l y  s m a l l  p a r t i c l e  
s i z e ,  t h e  e x p a n d i n g  l a t t i c e  s t r u c t u r e ,  a n d  s u b s t i t u t i o n s  
w i t h i n  t h e  o c t a h e d r a l  u n i t s  c r e a t e  m any c h a r g e  d e f i c i e n c i e s  
w h i c h  may b e  s a t i s f i e d  by  c a t i o n  e x c h a n g e .  Many i o n s  i n  s e a  
w a t e r  a r e  a v a i l a b l e  t o  c o m p e t e  w i t h  a d d i t i o n a l  i o n s  s u c h  a s  
t h e  f i s s i o n - p r o d u c t  i o n s ,  Cs**5 7 , a n d  R u ^ ® f f o r  t h e
a v a i l a b l e  e x c h a n g e  s i t e s .  E x p e r i m e n t a l  r e s u l t s  show  t h a t  
m o n t m o r i l l o n i t e  e x c e e d e d  i l l i t e  a n d  k a o l i n i t e  i n  t h e  a d ­
s o r p t i o n  o f  C s * ^ 7 o n l y  i n  d i s t i l l e d  w a t e r  (TABLE IV a p ­
p e n d e d ) .  A t  a l l  c o n c e n t r a t i o n s  o f  s e a  w a t e r  i l l i t e  e x c e e d e d  
m o n t m o r i l l o n i t e  i n  t h e  a d s o r p t i o n  o f  C s .  T h i s  w as  a l s o
-  5 2  -
apparent a t  1 0 ,  2 0 ,  a n d  3 0  o / o o  fo r  and as
sh o w n  i n  F i g u r e s  1 1 ,  1 2 ,  a n d  1 3 .  B a s e d  o n  t h e  w o rk  o f
Tarm ira a n d  J a c o b s  ( 1 9 6 0 )  i l l i t e ,  a l t h o u g h  low  i n  t o t a l
i o n  e x c h a n g e  c a p a c i t y ,  h a s  a  p a r t i c u l a r  a f f i n i t y  f o r
137c e s i u m .  W hile t h e  p e r c e n t a g e  o f  a d d e d  C s  a d s o r b e d  o n  
a l l  c l a y s  w as  s m a l l ,  i l l i t e  d i d  show  a  d e c i d e d  p r e f e r e n c e  
f o r  cesiu m , s u p p o r t i n g  t h e  f in d in g s  o f  Tamara a n d  J a c o b s ,  
op. c i t *
K a o l i n i t e ,  d e p e n d i n g  t o  a  l a r g e  e x t e n t  o n  b r o k e n  
b o n d s  a l o n g  t h e  e d g e s  o f  t h e  u n i t s  f o r  i t s  e x c h a n g e  
c a p a c i t y ,  sh o w e d  lo w  a d s o r p t i v e  c a p a c i t y  f o r  t h e  f i s s i o n -  
p r o d u c t  c a t i o n s *
I t  i s  d i f f i c u l t  t o  a s s a y  t h e  e f f e c t s  o f  p a r t i c l e  s i z e  
i n  t h e s e  ex p er im en ts, because t h e  b e h a v i o r  o f  t h e  f i n e l y  
d i s p e r s e d  p a r t i c l e s  i n  d i s t i l l e d  w a t e r  c a n  b e  c o m p l e t e l y  
a l t e r e d  i n  s a l i n e  w a t e r .  I t  w as  q u i t e  e v i d e n t  i n  th e c o u r s e  
o f  t h e  exp erim en ts t h a t  t h e  c l a y  p a r t i c l e s  o f  i l l i t e  a n d  
k a o l i n i t e ,  p a r t i c u l a r l y , f l o c c u l a t e d  a n d  s e t t l e d  o u t  m ore  
r a p i d l y  i n  d i l u t e d  s e a  w a t e r  t h a n  i n  d i s t i l l e d  w a t e r .  S i n c e  
e x c h a n g e  c a p a c i t y  o f  k a o l i n i t e  a n d  i l l i t e  i s  d e p e n d e n t  t o  
a  g r e a t  e x t e n t  u p o n  b r o k e n  b o n d s  a r o u n d  t h e  e d g e s  o f  t h e  
p a c k e ts , a  c h a n g e  i n  p a r t i c l e  s i z e  c o u l d  w e l l  c a u s e  a  c h a n g e  
i n  a d s o r p t i v e  c a p a c i t y .  I t  h a s  a l r e a d y  b e e n  p o i n t e d  o u t ,  
h o w e v e r ,  t h a t  i l l i t e  d e m o n s t r a t e d  a  h i g h e r  a d s o r p t i o n  o f  
a l l  t h r e e  r a d i o n u c l i d e s  t h a n  d id  m o n t m o r i l l o n i t e  o r  k a o l i n i t e  
P a r t i c l e  s i z e  s e e m s  t o  b e  o f  m in o r  i m p o r t a n c e  a s  f a r  a s  
a d s o r p t i o n  i n  s e a  w a t e r  i s  c o n c e r n e d .  P a r t i c l e  s i z e ,  h o w e v e r
i s  o f  much more im p o rtan ce  i n  th e  m a tte r  o f  se d im e n ta ­
t i o n  an d , t h e r e f o r e ,  o f  t r a n s p o r t a t i o n  and c o n c e n t r a t io n .
R a d i o n u c l i d e s
Gr im  ( 1 9 5 3 )  h a s  s t a t e d  t h a t  i o n  e x c h a n g e  i s  a
s t o i c h o m e t r i c  c h e m i c a l  r e a c t i o n  a n d  i s  t h u s  d e p e n d e n t
u p o n  t h e  c o m b i n i n g  w e i g h t s  o f  t h e  i o n s  p r e s e n t  i n  s o l u t i o n .
S i n c e  t h e  maximum a d s o r p t i o n  v a l u e s  p r o b a b l y  w e r e  n o t
r e a c h e d  e x c e p t  i n  t h e  c a s e  o f  &u^06 a n d  k a o l i n i t e , a n d  
144Ge a n d  i l l i t e ,  t h e  e x c h a n g e  c a p a c i t y  f o r  t h e  f i s s i o n  
p r o d u c t s  c o u l d  n o t  b e  a s c e r t a i n e d .  H o w e v e r ,  t h e  a t o m i c  
w e i g h t s  o f  b o t h  Ce a n d  Ru a r e  m uch g r e a t e r  t h a n  t h o s e  o f
t h e  common i o n s  o f  s e a  w a t e r  C a ,  Mg, K , H , a n d  H a. F u r t h e r ­
m o r e ,  t h e y  h a v e  v a l e n c e s  o f  3+ g i v i n g  th e m  h i g h  r e p l a c i n g  
p o w e r .  C e s iu m  i s  a  b i t  m o re  d i f f i c u l t  t o  p l a c e  i n  o r d e r  
b e c a u s e  i t  h a s  a  v a l e n c e  o f  + 1 .  G s ,  R u ,  a n d  Ce p r o b a b l y  
w o u ld  b e  p l a c e d  i n  t h e  s e r i e s  o f  G e d r o i z  ( 1 9 2 2 )  i n  t h e  
f o l l o w i n g  o r d e r  o f  r e p l a c i n g  p o w e r .
L i  <  Ha <  K <  Mg Rb <; HH4  Cs <( Co A l  <  Ru <  0©
I t  i s  e v i d e n t  t h a t  Ce a n d  Ru h a v e  much h i g h e r  r e p l a c i n g
p o w e r  t h a n  Cs by  c o m p a r i n g  F i g u r e s  1 1 ,  1 2 ,  a n d  1 3 .
1 3 7  137The i o n i c  r a d i i  o f  Cs a n d  Ba a r e  1 . 6 5  A a n d  1 . 3 1 a  
c o m p a r e d  w i t h  1 . 3 3  A f o r  K. F o l l o w i n g  t h e  s u g g e s t i o n  o f  
G r im  ( 1 9 5 3 ) ,  t h e  s p a c e  a v a i l a b l e  b e t w e e n  b a s e s  o f  t h e  o p ­
p o s i n g  s i l i c a  s h e e t s  o f  i l l i t e  i s  j u s t  l a r g e  e n o u g h  t o  
a c c o m m o d a te  i o n s  o f  t h i s  s i z e  a n d  t iay  a c c o u n t  f o r  t h e  much
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h i g h e r  a d s o r p t i v e  c a p a c i t y  o f  i l l i t e  t h a n  m o n t m o r i l l o n i t e
137
o r  k a o l i n i t e  f o r  Gs •
P h y s i c a l  a n d  C h e m i c a l  C o n d i t i o n s
The r a t e  o f  a d s o r p t i o n  o f  f i s s i o n  p r o d u c t  n u c l i d e s  
p r o b a b l y  d e p e n d s  u p o n  t h e  l a w  o f  m a ss  a c t i o n ,  t e m p e r a t u r e ,  
a n d  t h e  a v a i l a b i l i t y  o f  e x c h a n g e  p o s i t i o n s .  T h e s e  a r e  
p r e s u m e d  s i n c e  t h e  b o n d s  a r e  c h e m i c a l  i n  n a t u r e ,  a n d  d a t a  
a r e  n o t  a v a i l a b l e  t o  show  t h e i r  e f f e c t s .
The s o r p t i o n - t i m e  c u r v e  sh o w n  i n  F i g u r e  7 i s  l i n e a r  
i n  a  l o g - l o g  p l o t .  C a r r  i t  a n d  G o e d g a l  ( 1 9 5 4 )  f o u n d  a s i m i l a r  
r e l a t i o n s h i p  w i t h  t h e  a d s o r p t i o n  o f  p h o s p h o r u s  t o  s o l i d s  i n  
C h e s a p e a k e  Bay c o r e s ,  R o a n o k e  R i v e r  m u d s ,  c o m m e r c i a l  b e n t o n i t e ,  
F u l l e r s  d a r t h ,  a n d  p o w d e r e d  p y r e x  g l a s s  a n d  r e p o r t e d  a  s i m i l a r  
r e l a t i o n s h i p  i n  s t u d i e s  o f  p h o s p h a t e  f i x a t i o n  i n  t i l l a b l e  
s o i l s .  T he  r e l a t i o n s h i p  a p p a r e n t l y  d o e s  n o t  f o l l o w  c l a s s i c a l  
k i n e t i c  s t u d i e s ,  b u t  i t s  l i n e a r  l o g - l o g  c h a r a c t e r i s t i c s  m ake 
i t  u s e f u l  f o r  i n t e r p o l a t i o n .
SUI#IABY
S u s p e n d e d  c l a y s  i n  a n  e s t u a r i a ©  s y  s t e i a  h a v e  a  c a p a c i t y  
t o  a d s o r b  f i s s i o n  p r o d u c t  c a t i o n s  a n d  t h u s  f o r m  a  v e h i c l e  
f o r  t h e  t r a n s p o r t  a n d  d e p o s i t i o n  of r a d i o a c t i v e  e l e m e n t s *  
T h e  c a p a c i t y  o f  t h e  c l a y s  d e p e n d s  l a r g e l y  u p o n  t h e  t y p e  o f  
c l a y ,  t h e  n a t u r e  o f  t h e  r a d i o a c t i v e  i o n s ,  a n d  t h e  c o n c e n ­
t r a t i o n  o f  n a t u r a l  s a l t s  a n d  o t h e r  i o n s  i n  t h e  w a t e r .
T h e  s i z e  o f  t h e  c l a y  p a r t i c l e s  d i s p e r s e d  i n  d i s t i l l e d  
w a t e r  a p p e a r s  t o  h a v e  l i t t l e  b e a r i n g  o n  t h e  a d s o r p t i v e  
c a p a c i t y  i n  s a l i n e  w a t e r ,  p r o b a b l y  b e c a u s e  o f  f l o c c u l a t i o n  
o f  s m a l l  p a r t i c l e s  i n t o  e f f e c t i v e l y  l a r g e r  p a r t i c l e s .
T he  c l a y s  r a n k e d  b y  a d s o r p t i v e  c a p a c i t y  i n  s e a  w a t e r  
w e r e  i l l i t e  >  m o n t m o r i l l o n i t e  >  k a o l i n i t e  r e g a r d l e s s  o f  
t h e  r a d i o n u c l i d e  a d d e d .  T he  r a d i o n u c l i d e s  r a n k e d  b y  p e r ­
c e n t a g e s  a d s o r b e d  o n  i l l i t e  a n d  m o n t m o r i l l o n i t e  w e r e  
£ U1 0 6  ^  Qe l 4 4  y qs1 37^  K a o l i n i t e ,  t h o u g h  v e r y  low  i n
a d s o r p t i v e  c a p a c i t y ,  a d s o r b e d  a  l a r g e r  p e r c e n t a g e  o f
«  1 0 6t h a n  Ru
I l l i t e  a n d  m o n t m o r i l l o n i t e  a p p e a r  t o  b e  e f f e c t i v e
s c a v e n g e r s  o f  t h e  h i g h  v a l e n c e ,  h e a v y  c a t i o n s  s u c h  a s  
144 1 n/tCe a n d  tiu u  © van  i n  h i g h  s a l i n i t y  w a t e r s ,  b u t  t h e y  a r e
1 3 7p o o r  a d s o r b e r s  o f  t h e  s i n g l e  v a l e n c e  Cs . K a o l i n i t e ,  o n  
t h e  o t h e r  h a n d ,  a d s o r b e d  s u b s t a n t i a l  a m o u n t s  o f  0 © ^ ^  b u t  
l i t t l e  a n d  R u * ^ .
I n c r e a s i n g  s a l i n i t y  o c c a s i o n e d  b y  t h e  t r a n s p o r t  o f  
c l a y s  t h r o u g h  t h e  e s t u a r y  r e d u c e s  t h e  c a p a c i t y  o f  t h e  c l a y s
to  adsorb th e  f i s s i o n  product c a t io n s .  T his e f f e c t  i s  
g r e a te s t  in  th e  t r a n s i t io n  from fr e s h  t o  b rack ish  w ater .
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TABLE I . —S u rface  in o r g a n ic  s e s to n , m g /l i t e r
C ru ise  Date S ta t io n S ta t io n S ta t io n S ta t io n  S ta t io n
1960 1 a 3 4 5
23 Feb. 8 .3 8 10 .50 13 .25 8 .5 0 2 1 .1 5
7 Mar. 8 .5 0 7 .1 2 9 .1 2 8 .8 7 5 .7 5
21 Mar. 1 0 .3 8 1*54 2 .5 0 1 .8 8 1 .7 5
4 Apr. 7 .3 8 7 .6 3 6 .5 0 5 .0 0 6 .0 0
19 Apr, 7 .6 0 5 .3 7 5 .6 7 6 .6 7 8 .0 2
2 May 5 .5 0 3 .7 5 2 .3 7 1 .5 0 6 .5 0
23 May 2 .5 0 1 .7 5 0 .8 8 2 .5 0 1 .13
3 June 4 .2 8 3 ,2 8 2 .4 3 2 .2 9 1 .8 6
17 June 5 .4 3 1 .4 3 1 .8 6 0 .4 3 1 .7 2
5 Ju ly 5 .0 0 2 .4 0 8 .2 0 2 .0 0 6 .4 0
18 Ju ly 6 .1 8 3 .8 4 3 .8 0 1 .8 0 1 .8 4
1 Aug. 3 .6 0 3 .2 0 8 .5 0 5 .2 5 6 .0 0
11 Aug. 7 .9 9 7 .7 7 6 .8 8 3 .7 7 5 .2 0
2 Aug. 9 .2 0 9 .4 0 9 .0 0 2 .8 0 1 1 . 0 0
19 S ep t. 3*83 3 .0 0 3 .0 0 2 .6 7 4 .1 7
3 O ct. 4 .5 0 2 .5 0 3 .8 3 2 .1 7 14 .20
21 O ct. - - - mm -
14 Nov, 2 .1 4 2 .7 1 2 .0 0 3 .2 0 1 .14
28 Nov. 7 .3 3 6 .0 0 8 .6 0 5 .3 3 8 .6 0
19 Dec. 2 1 .2 0 2 3 .8 0 1 5 .8 0 3 2 .8 0 4 8 .2 0
11 J a n .(1961) 7*28 6 .1 4 7 .1 4 7 .4 3 4 .1 4
mm
X 6 .9 1 5 .6 6 6 .0 2 5 .3 4 8 .2 4
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TABUSII . — In organ ic s e s to n  -  York R iv er , V ir g in ia  -  m g /l i t e r
C ru ise  Date 
1960-1962
S u rface Bottom
22 mm 23 June 3 .3 3 11 .33
29 - 30 June 7 .1 6 2 7 .4 0
6 7 Ju ly 4 .3 3 1 3 .1 6
13 tm 14 J u ly 8 .8 3 3 6 .4 0
19 - 20 Ju ly 4 .1 8 1 8 .4 0
27 - 28 J u ly 7 .0 0 1 .2 0
3 - 4 Aug. 4 .6 0 8 .5 0
10 • 11 Aug. 5 .4 0 2 2 3 .9 8 *
17 • 18 Aug. 3 .8 0 6 4 .6 6
24 • 25 Aug. 3 .8 6 107 .99*
31 mm 1 S ep t. 5 .2 0 4 4 .8 0
7 - 8 S ep t. 6 .4 0 1 8 .4 0
14 - 15 S e p t. mm -
21 - 22 S ep t. m -
27 mm 28 S ep t. 1 1 .3 3 3 7 .7 5
11 m . 12 O ct. 7 .8 3 1 3 .3 3
19 m 20 O ct. 7 .5 7 2 1 .0 0
1 m . 2 Nov. 7 .0 0 1 8 .40
15 m . 16 Nov. 4 .2 9 1 8 .60
21 - 22 Nov. 4 .1 7 1 5 .6 0
6 • 7 Dec. 7 .1 4 1 5 .0 0
16 mm 17 Dec. 9 .2 - 1 8 .6 -
6 mm 7 Jan. 6 .0 0 4 0 .3 3
24 • 25 Jan. 5 .8 - 1 6 .8 -
10 mm 11 Feb. 9 .2 - 3 4 .4 -
24 mm 25 Feb. 1 0 .7 5 2 2 .0 0
3 - 4 Mar. 7 .6 0 1 9 .2 5
10 11 Mar. 3 8 .6 6 6 4 .6 6
17 - 18 Mar. 1 5 .7 8 4 1 .7 5
25 mm 26 Mar. 2 0 .0 0 1 9 .14
30 31 Mar. 6 .4 - 1 2 .0 -
6 - 7 Apr. 5 .5 - 1 9 .5 -
14 • 15 Apr. 7 .0 - 1 5 .0 -
21 - 22 Anr. 7 .6 - 8 .4 -
5 m 6 May 5 .5 0 9 .1 7
19 • 20 May 0 .7 7 6 .6 0
1 - 2 June 7 .0 0 9 .6 0
*May be in  erro r  due to  s t i r r in g  o f  bottom when 
sam pling.
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TABLE I I I . — A d s o r p t i o n / t i m e  r e l a t i o n s h i p s
Ru1 0 6  -  S h 106  a n d  I l l i t e
E l a p s e d  Time A c t iv i t y Adsorbed
hours cpm o /o
1 4 , 8 1 7 2 2 . 9
2 5 , 9 9 9 2 8 . 5
4 7 , 8 3 0 3 7 . 3
8 9 , 4 6 9 4 5 . 1
24 1 2 , 2 8 1 5 8 . 5
4 8 1 6 ,3 8 7 7 8 . 1
72 1 6 ,9 3 9 8 0 . 6
96 1 7 ,8 0 8 8 4 . 8
A d d ed  i n i t i a l l y 2 1 , 0 0 0
Ru*"®® -  Rh*"®® a n d  K a o l i n i t e
E l a p s e d  T im e A c t i v i t y A d s o r b e d
h o u r s cpm o / o
1 4 , 1 2 9 1 9 . 7
2 4 , 5 6 7 2 1 . 7
4 6 , 5 2 6 3 1 . 1
2 5 9 , 3 2 8 4 4 . 4
A d d e d  i n i t i a l l y 2 1 , 0 0 0
C s 137 - 1 3 7Ba a n d  K a o l i n i t e
E l a p s e d  Tin® A c t i v i t y A d s o r b e d
h o u r s cpm o /o
4 2 5 , 8 6 8 1 9 . 0
8 2 8 , 8 3 1 2 1 . 2
24 4 0 , 7 2 4 2 9 . 9
4 8 5 4 , 7 2 5 4 0 . 2
72 5 7 , 7 8 6 4 2 . 4
A d d e d  i n i t i a l l y 1 3 6 ,1 0 0
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TABLE 1 V.- -T h e  e f f e c t  o f  s a l i n i t y  on a d s o r p t io n  o f
cesiu m  t o  c la y s
I l l i t e
S a l in i t y  C orrected  A c t iv i t y  A c t iv i t y
o /o o  cpm dpm mjic/2G mg c la y
0 .0 9 l #370 961 ,789 864
0*3 6 3 ,3 3 5 666 ,684 600
0 .6 4 8 ,0 0 0 5 0 5 ,263 454
1 .2 33 ,1 2 7 3 4 8 ,7 0 5 314
2 .5 24 ,7 0 4 260 ,042 234
5 .0 14 ,023 147 ,611 132
1 0 .0 6 ,7 9 9 7 1 ,5 6 8 64
2 0 .0 2 ,4 1 8 2 5 ,453 22
i n i t i a l  a c t i v i t y  0 .6 0  pc
M on tm orillon ite
0 .0 101,000 1 ,0 6 1  x 10® 9 5 5 .4
0 .3 2 ,8 0 0 2 .9 4 0  x  10A 2 6 .5
0 .6 2 ,5 6 8 2 .6 9 0  x  104 2 4 .2
1 .2 1 ,1 2 0 1 .1 7 6  x  104 1 0 .6
2 .5 812 8 .5 2 6  x  103 7 .7
5 .0 1 ,1 4 5 1 .2 0 2  x 104 1 0 .8
1 0 .0 596 6 .2 5 8  x  10 5 .6
2 0 .0 248 2 .6 0 4  x  105 2 .3
i n i t i a l  a c t i v i t y  0 .7 0  pc 
(co n tin u ed )
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TABUS IV . - -T h e  e f f e c t  o f  s a l i n i t y  on a d s o r p t io n  o f
ce s iu m  to  c l a y s  ( c o n tin u e d )
K a o lin ite
Sa-.irtity  C orrected  A c t iv i t y  A c t iv i t y
•v/oo cpm dpm mpc/20 mg c la y
0 .0 8 v603 90 ,558 8 2 .3
0 .3 1 ,577 16 ,600 1 5 .1
0 .6 580 6 ,1 0 5 5 .5
1 .2 1 ,5 3 3 /2 8 ,063 7 .3
2 .5 2 ,2 8 3 /5 4 ,8 1 0 4 .4
5 .0 1 ,6 4 4 /5 3 ,4 6 3 3 .1
1 0 .0 960 2 ,0 2 1 1 .8
2 0 .0 1 ,075 1 ,137 1 .0
i n i t i a l  a c t i v i t y  0 .6 5  pe
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137TABLE V. . —The a d s o rp t io n  o f  Cs on i l l i t e
A c t iv i t y
S a l in i t y  A c t iv i t y  A dju sted  Count mpc/20 mg
o /o o  p c / l i t e r  per 10 mg c la y  cpm dp® c la y
1 0 .0 1 .0 - - -
10 2 5 ,120 2 6 6 ,2 7 2 240
SO 105,692 1 ,1 2 0 ,3 3 5 1 ,0 0 8
100 156 ,408 1 ,6 5 7 ,9 2 5 1 ,494
2 0 .0 1 .0 867 9 ,1 9 0 8
10 13 ,191 139 ,825 126
50 5 4 ,3 5 2 57 6 ,1 3 1 520
100 103 ,612 1 ,0 9 8 ,2 8 7 988
3 0 .0 1 .0 575 6 ,0 9 5 6
10 8 ,9 0 6 9 4 ,4 0 4 84
50 4 2 ,6 4 3 4 5 2 ,0 1 6 408
100 7 8 ,3 1 4 8 3 0 ,128 748
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137TABLE! VI • —The a d s o rp t io n  o f  Cs o n  m o n tm o r i l lo n ite
S a l in i t y
o /o o
A c t iv i t y  A d ju sted  Count 
j u c / l i t e r  per 10 mg c la y  cpm dpm
A c t iv i t y  
n^uc/20 mg 
c la y
1 0 .0 1 .0 290 3 ,0 7 4 2 .7 6
10 1*453 15 ,402 1 3 .8 8
50 6 ,0 6 3 6 4 ,2 6 8 5 7 .9 0
100 14 ,393 152 ,566 137 .44
2 0 .0 1 .0 136 1 ,442 1 .3 0
10 788 8 ,353 7 .5 2
50 2 ,6 1 4 2 7 ,7 0 8 2 4 .9 6
100 3 ,8 6 5 4 0 ,9 6 9 3 6 .9 0
o • o 1 .0 66 700 0 .6 4
10 864 9 ,1 5 8 8 .2 4
50 3 ,6 6 4 3 8 ,8 3 8 00OsftV*
100 3 ,3 5 2 3 5 ,531 3 2 .0 0
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137TABLE V I I .—1The a d s o rp t io n  o f  Cs on k a o l i n i t e
A c t iv i t y
S a l in i t y  A c t iv i t y  A d ju sted  Count mjic/20 mg
o /o o  j u c / l i t e r  per 10 mg c la y  cpm dpca c la y
kl 1 .0 51 538 0 .5
10 1 ,1 3 9 1 1 ,9 8 6 1 0 .8
50 5 ,2 7 0 5 5 ,469 5 0 .0
100 10 ,181 107 ,245 9 6 .6
20 1 .0 113 1 ,135 1 .1
10 768 8 ,0 7 9 7 .3
50 4 ,0 3 3 4 2 ,4 5 0 3 8 .2
100 6 ,6 8 9 7 0 ,4 1 2 6 3 .4
30 1 .0 53 533 0 .5
10 709 7 ,4 5 9 6 .7
50 2 ,8 2 9 2 9 ,7 8 2 2 6 .8
100 5 ,0 9 3 53 ,607 4 8 .3
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106TABL3 v I I I . —The a d s o r p t io n  o f  Ru on i l l i t e
S a l in i t y
o /o o
A c t iv i t y
j i c / l i t e r
dprn
A d ju sted  Count x  
per 10 mg c la y  cptn 10*
A c t iv i t y  
p c /2 0  mg 
c la y
1 0 .0 0 .3 6 5 ,1 2 4 3 .3 1 0 .3 0
3 .5 6 5 9 ,3 9 6 3 8 .4 2 3 .4 6
17 .79 3 1 5 ,0 1 0 2 0 3 .8 0 18 .36
3 5 .5 8 58 9 ,106 3 8 1 .1 0 3 4 .3 3
2 0 .0 0 .3 6 5 ,4 3 3 3 .5 1 0 .3 2
3 .5 6 5 6 ,6 0 3 3 6 .6 1 3 .3 0
1 7 .7 9 3 1 9 ,6 4 8 2 0 6 .80 18 .63
3 5 .5 8 609 ,158 39 4 .0 0 3 5 .5 0
3 0 .0 0 .3 6 5 ,5 4 2 3 .5 8 0 .3 2
3 .5 6 56 ,3 8 7 3 6 .4 7 3 .2 9
1 7 .7 9 27 1 ,6 8 8 175.70 15.83
3 5 .5 8 744 ,544 4 8 1 .6 0 4 3 .3 9
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1TABLE IX .--T h e  a d s o rp t io n  o f  Ru to  m o n tm o r i l lo n ite
S a l in i t y
o /o o
A c t iv i t y
p c / l i t e r
A djusted  Count 
per 10 mg c la y  cpm
dpm
x ~5 10 *
A c t iv i ty  
p e /2 0  mg 
c la y
1 0 .0 0 .3 6 3 ,601 2 .3 3 0 .2 1
3 .5 6 4 1 ,7 3 3 2 6 .9 9 2 .4 3
17 .79 2 4 3 ,3 5 6 157 .40 1 4 .18
3 5 .5 8 3 62 ,966 2 3 4 .8 0 2 1 .1 5
2 0 .0 0 .3 6 4 ,9 7 9 3 .2 2 0 .2 9
3 .5 6 4 5 ,9 4 4 2 9 .7 2 2 .6 8
1 7 .7 9 222,197 1 4 3 .7 0 12 .95
3 5 .5 8 449 ,244 2 9 0 .6 0 2 6 .1 8
3 0 .0 0 .3 6 4 ,2 8 1 2 .7 7 0 .2 5
3 .5 6 3 6 ,9 3 3 2 5 .8 9 2 .1 5
17 .79 173,634 11 2 .30 10 .12
3 5 .5 8 361 ,053 2 3 3 .50 2 1 .0 4
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TABLSJ x  ••-T h e  a d s o r p t io n  o f  Ru on k a o l in ! t e
S a l in i t y
o /o o
A c t iv i t y
j a e / l i t e r
A d ju sted  Count 
per 10 mg c la y  cpm
dpm 
10 5
A c t iv i t y  
p c /2 0  mg 
c la y
1 0 .0 0 .3 6 4 ,4 9 6 2 .9 1 0 .2 6
3 .5 6 5 5 ,5 0 5 3 5 .9 0 3 .2 3
1 7 .7 9 3 1 1 ,6 8 0 2 0 .1 6 1 .8 2
3 5 .5 8 5 4 4 ,6 6 6 3 5 .2 3 3 .1 7
2 0 .0 0 .3 6 4 ,6 2 6 2 .9 9 0 .2 7
3 .5 6 5 3 ,3 1 3 3 4 .4 8 3 .1 1
1 7 .7 9 25 8 ,5 0 5 1 6 .7 2 1 .5 1
3 5 .5 8 4 8 9 ,6 2 0 3 1 .6 7 2 .8 5
3 0 .0 0 .3 6 4 ,3 4 5 2 . 81 0 .2 5
3 .5 6 4 7 ,0 2 7 3 0 .4 2 2 .7 4
1 7 .7 9 2 5 1 ,0 1 8 1 6 .24 1 .4 6
3 5 .5 8 3 7 9 ,9 8 9 2 4 .5 8 2 .2 1
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TABliSxi .~~The a d s o r p t io n  o f  on i l l i t e
S a l in i t y
o /o o
A c t iv i t y  
pc / l i t e r
dpm
A d ju sted  Count x  
per 10 mg c la y  cpm 10~5
A c t iv i t y  
jjjo/2 0  mg 
c la y
1 0 ,0 0 .7 4 10 ,161 3 .6 3 0 .3 3
7*42 153 ,940 5 4 .9 8 4 .9 5
3 7 .1 2 634 ,271 2 2 6 .5 0 2 0 .4 1
7 4 .2 4 1 ,1 3 8 ,3 1 9 4 0 6 .5 0 3 6 .6 2
2 0 .0 0 .7 4 2 ,8 1 4 1 .0 0 0 .0 9
7 .4 2 126 ,285 4 5 .1 0 4 .0 6
3 7 .1 2 605 ,628 2 1 6 .3 0 19 .49
74*24 1 ,0 2 9 ,1 8 7 3 6 7 .6 0 3 3 .1 2
30*0 0 .7 4 3 ,8 2 9 1 .3 7 0 .1 2
7 .4 2 107 ,383 3 8 .3 5 3 .4 6
3 7 .1 2 4 8 1 ,2 2 1 1 7 1 .9 0 1 5 .4 9
7 4 .2 4 4 8 8 ,7 8 6 174 .60 15 .73
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144TABLE X I I .  —The a d s o r p t io n  o f  Ce on m o n tm o r i l lo n ite
dpm A c t iv i t y
S a l in i t y  A c t iv i t y  A djusted  Count p c /2 0  mg
o /o o  j i c / l i t e r  per 10 mg c la y  cpm 10** c la y
f-i o • o 0 .7 3 4 #692 1 .6 6 0 .1 5
7 .2 8 9 2 ,1 8 5 3 2 .6 9 2 .9 7
3 6 .3 8 2 8 2 ,525 1 0 0 .2 0 9 .1 1
7 2 .7 6 5 2 2 ,5 4 1 185 .30 1 6 .8 4
20*0 0 .7 3 1 ,913 0 .6 8 0 .0 6
7 .2 8 5 8 ,7 2 8 2 0 .8 0 1 .8 9
3 6 .3 8 2 4 0 ,2 5 8 8 5 .2 0 7 .7 4
7 2 .7 6 3 8 7 ,9 0 4 138 ,00 1 2 .5 4
3 0 .0 0 .7 3 848 0 .3 0 0 .0 3
7 .2 8 4 0 ,4 9 4 1 4 ,4 0 1 .3 1
3 6 .3 8 1 6 3 ,2 2 8 5 7 .9 0 5 .2 6
7 2 .7 6 272 ,557 9 6 .6 0 8 .7 8
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TABLS x n  l» —The a d s o r p t io n  o f  on k a o U n i t e
S a l in i t y
o /o o
A c t iv i t y
j i c / l i t e r
dpm
A d ju sted  Count x  
per 10 mg c la y  cpm 10“ 5
A c t iv i t y  
p c /20 mg 
c la y
1 0 ,0 0 .9 7 13 ,789 4 .9 2 0 .4 4
9 .6 6 147 ,522 5 2 .6 8 4 .7 5
4 8 .3 0 608 ,842 2 1 7 .4 0 19 .59
9 6 .6 0 1 ,0 5 0 ,0 1 4 3 7 5 .0 0 3 3 .7 8
o*001 0 .9 7 15 ,891 5 .6 7 0 .5 1
9 .6 6 176 ,462 6 3 .0 0 5 .6 8
4 8 .3 0 8 4 5 ,185 3 0 1 .8 0 2 7 .1 9
9 6 .6 0 1 ,3 0 0 ,3 0 2 4 6 4 .3 0 4 1 .8 3
5 0 .0 0 .9 7 18 ,904 6 .7  5 0 .6 1
9 .6 6 165 ,941 5 9 .3 0 5 .3 4
4 8 .3 0 902 ,734 3 2 2 .4 0 2 9 .0 4
9 6 .6 0 1 ,4 4 6 ,6 8 4 5 1 6 .6 0 4 6 .5 4
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TABI£ X IV .—C ounting e f f i c i e n c y  o f  sp ectrom eter
S tock  S o ln  
ml
Sample
CpE
cpm/ml Per Cent 
e f f i c i e n c y
„ 137 _ 137Cs -  Ba
1 6 4 ,4 6 9 /1 0 6447 1 0 .5 0
A * 6 1 ,500
dpm/ml 2 1 1 0 ,2 2 5 /1 0 5512 8 .9 7
3 1 7 1 ,8 2 5 /1 0 5728 9 .3 2
4 2 3 0 ,7 0 9 /1 0 5768 9 .3 8
5 2 9 0 ,1 3 0 /1 0 5303 9 .4 3
9 .5 2X
Rep.
Ce144 -  P rl44
Sample
cprn
cpm Per Cent 
e f f i c i e n c y
1 6 0 ,4 3 5 /2 3 0 ,2 1 8 2 .8 2A a 1 .0 7  x  I 0 U
dpm 2 6 0 ,3 5 9 /2 3 0 ,1 8 0 2 .8 2
3
X
6 0 ,5 9 1 /2 3 0 ,2 9 6 2 .8 3  
2 .8  2
S tock  S o ln  
ml
Sample
cprn
cpm/ml Per Cent 
e f f i c i e n c y
Ru106 -  Rh106 1 5 9 ,2 9 6 /1 0 5930 1 .5 4
A = 3 .8 4 5  x  105 2 6 0 ,1 6 6 /5 6016 1 .5 6
dpm/tal
3 5 3 ,7 3 9 /3 5971 1 .5 5
4 4 7 ,6 2 9 /2 5954 1 .55
5
wm
X
5 8 ,6 5 1 /2 5865 1 .5 3
1 .546
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